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(57) A laser beam machining method and a laser 
beam machining device capable of cutting a work with- 
out producing a fusing and a cracking out of a predeter- 
mined cutting line on the surface of the work, wherein a 
puise laser beam (L) is radiated on the predetermined 
cut line (5) on the surface (3) of the work (1) under the 
conditions causing a multiple photon absorption and 
with a condensed point (P) aligned to the inside of the 
work (1 ), and a modified area is formed inside the work 
(1) along the predetermined determined cut line (5) by 
moving the condensed point (P) along the predeter- 
mined cut line (5), whereby the work (1) can be cut with 
a rather small force by cracking the work (1) along the 
predetermined cut line (5) starting from the modified ar- 
ea and, because the pulse laser beam (L) radiated is 
not almost absorbed onto the surface (3) of the work (1 ), 
the surface (3) is not fused even if the modified area is 
formed. 
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Description 
Technical Field 

[0001 1 The present invention relates to laser process- 
ing methods and laser processing apparatus used for 
cutting objects to be processed such as semiconductor 
material substrates, piezoelectric material substrates, 
and glass substrates. 

Background Art 

[0002] One of laser applications is cutting. A typical 
cut ting process effected by laser is as follows: For ex- 
ample, a part to be cut in an object to be processed such 
as asemiconductor waferor glass substrate is irradiated 
with laser light having a wavelength absorbed by the ob- 
ject, so that melting upon heating proceeds due to the 
laser light absorption from the surface to rear face of the 
object to be processed at the part to be cut, whereby the 
object to be processed is cut. However, this method also 
melts surroundings of the region to become the cutting 
part in the surface of the object to be cut. Therefore, in 
the case where the object to be processed is a semi- 
conductor wafer, semiconductor devices located near 
the above-mentioned region among those formed in the 
surface of the semiconductor wafer might melt. 
[0003] Known as examples of methods which can 
prevent the surface of the object to be processed from 
melting are laser-based cutting methods disclosed in 
Japanese Patent Application Laid-Open No. 
2000-219528 and Japanese Patent Application Laid- 
Open No. 2000-15467. In the cutting methods of these 
publications, the part to be cut in the object to be proc- 
essed is heated with laser light, and then the object is 
cooled, so as to generate a thermal shock in the part to 
be cut in the object, whereby the object is cut. 

Disclosure of the Invention 

[0004] When the thermal shock generated in the ob- 
ject to be processed is large in the cutting methods of 
the above-mentioned publications, unnecessary frac- 
tures such as those deviating from lines to be cut or 
those extending to a part not irradiated with laser may 
occur. Therefore, these cutting methods cannot achieve 
precision cutting. When the object to be processed is a 
semiconductor wafer, a glass substrate formed with a 
liquid crystal display device, or a glass substrate formed 
with an electrode pattern in particular, semiconductor 
chips, liquid crystal display devices, or electrode pat- 
terns may be damaged due to the unnecessary frac- 
tures. Also, average input energy is so high in these cut- 
ting methods that the thermal damage imparted to the 
semiconductor chip and the like is large. 
[0005] It is an object of the present invention to pro- 
vide laser processing methods and laser processing ap- 
paratus which generate no unnecessary fractures in the 



surface of an object to be processed and do not melt the 
surface. 

[0006] (1) The laser processing method in accord- 
ance with an aspect of the present invention comprises 

5 a step of irradiating an object to be processed with laser 
light with a light-converging point located therewithin, so 
as to form a modified region caused by multiphoton ab- 
sorption within the object along a cutting line along 
which the object should be cut. If there is a certain start 

io region in the part to be cut in the object to be processed, 
the object to be processed can be broken by a relatively 
small force so as to be cut. In the laser processing meth- 
od in accordance with this aspect of the present inven- 
tion, the object to be processed is broken along the line 

15 along which the object is intended to be cut using the 
modified region as the starting point, whereby the object 
can be cut. Hence, the object to be processed can be 
cut with a relatively small force, whereby the object can 
be cut without generating unnecessary fractures devi- 

20 ating from the line along which the object is intended to 
be cut in the surface of the object. 
[0007] The laser processing method in accordance 
with this aspect of the present invention locally gener- 
ates multiphoton absorption within the object to be proc- 

25 essed, thereby forming a modified region. Therefore, la- 
ser light is hardly absorbed by the surface of the object 
to be processed, whereby the surface of the object will 
not melt. Here, the light-converging point refers to the 
position where the laser light is converged. The line 

30 along which the object is intended to be cut may be a 
line actually drawn on the surface or inside of the object 
to be cut or a virtual line. The subject of (1 ) explained in 
the foregoing also holds in (2) to (6) which will be ex- 
plained later. 

35 [0008] The laser processing method in accordance 
with an aspect the present invention comprises a step 
of irradiating an object to be processed with laser light 
with a light-converging point located therewithin under 
a condition with a peak power density of at least 1 x 1 0 8 

40 (W/cm 2 ) and a pulse width of 1 us or less at the light- 
converging point, so as to form a modified region caused 
by multiphoton absorption within the object along a line 
along which the object is intended to be cut in the object. 
[0009] The laser processing method in accordance 

45 with this aspect of the present invention irradiates an 
object to be processed with laser light with a light-con- 
verging point located therewithin under a condition with 
a peak power density of at least 1 x 1 0 8 (W/cm 2 ) and a 
pulse width of 1 us or less at the light-converging point. 

so Therefore, a phenomenon known as optical damage 
caused by multiphoton absorption occurs within the ob- 
ject to be processed. This optical damage induces ther- 
mal distortion within the object to be processed, thereby 
forming a crack region within the object to be processed. 

55 The crack region is an example of the above-mentioned 
modified region, whereby the laser processing method 
in accordance with this aspect of the present invention 
enables laser processing without generating melt or un- 
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necessary fractures deviating from the line along which 
the object is intended to be cut in the surface of the ob- 
ject. An example of the object to be processed in this 
laser processing method is a member including glass. 
Here, the peak power density refers to the electric field 
intensity of pulse laser light at the light-converging point. 
[0010] The laser processing method in accordance 
with an aspect the present invention comprises a step 
of irradiating an object to be processed with laser light 
with a light-converging point located therewithin under 
a condition with a peak power density of at least 1 x 1 0 s 
(W/cm 2 ) and a pulse width of 1 us or less at the light- 
converging point, so as to form a modified region includ- 
ing a molten processed region within the object along a 
line along which the object is intended to be cut in the 
object. 

[0011] The laser processing method in accordance 
with this aspect of the present invention irradiates an 
object to be processed with laser light with a light-con- 
verging point located therewithin under a condition with 
a peak power density of at least 1 x 1 0 8 (W/cm 2 ) and a 
pulse width of 1 is or less at the light-converging point. 
Therefore, the inside of the object to be processed is 
locally heated by multiphoton absorption. This heating 
forms a molten processed region within the object to be 
processed. The molten processed region is an example 
of the above-mentioned modified region, whereby the 
laser processing method in accordance with this aspect 
of the present invention enables laser processing with- 
out generating melt or unnecessary fractures deviating 
from the line along which the object is intended to be cut 
in the surface of the object. An example of the object to 
be processed in this laser processing method is a mem- 
ber including a semiconductor material. 
[0012] The laser processing method in accordance 
with an aspect of the present invention comprises a step 
of irradiating an object to be processed with laser light 
with a light-converging point located therewithin under 
a condition with a peak power density of at least 1 x 1 0 8 
(W/cm 2 ) and a pulse width of i ns or less at the light- 
converging point, so as to form a modified region includ- 
ing a refractive index change region which is a region 
with a changed refractive index within the object along 
a line along which the object is intended to be cut in the 
object. 

[0013] The laser processing method in accordance 
with this aspect of the present invention irradiates an 
object to be processed with laser light with a light-con- 
verging point located therewithin under a condition with 
a peak power density of at least 1X10 8 (W/cm 2 ) and a 
pulse width of 1 ns or less at the light-converging point. 
When multiphoton absorption is generated within the 
object to be processed with a very short pulse width as 
in this aspect of the present invention, the energy 
caused by multiphoton absorption is not transformed in- 
to thermal energy, so that a permanent structural 
change such as ionic valence change, crystallization, or 
polarization orientation is induced within the object, 



whereby a refractive index change region is formed. 
This refractive index change region is an example of the 
above-mentioned modified region, whereby the laser 
processing method in accordance with this aspect of the 

5 present invention enables laser processing without gen- 
erating melt or unnecessary fractures deviating from the 
line along which the object is intended to be cut in the 
surface of the object. An example of the object to be 
processed in this laser processing method is a member 

io including glass. 

[0014] Modes employable in the foregoing laser 
processing methods in accordance with the present in- 
vention are as follows: Laser light emitted from a laser 
light source can include pulse laser light. The pulse laser 
light can concentrate the energy of laser spatially and 
temporally, whereby even a single laser light source al- 
lows the electric field intensity (peak power density) at 
the light-converging point of laser light to have such a 
magnitude that multiphoton absorption can occur. 

20 [0015] irradiating the object to be processed with a 
light-converging point located therewithin can encom- 
pass a case where laser I ight emitted from one laser light 
source is converged and then the object is irradiated 
with thus converged laser light with a light-converging 

25 point located therewithin, for example. This converges 
laser light, thereby allowing the electric field intensity of 
laser light at the light-converging point to have such a 
magnitude that multiphoton absorption can occur. 
[0016] Irradiating the object to be processed with a 

30 light-converging point located therewithin can encom- 
pass a case where the object to be processed is irradi- 
ated with respective laser light beams emitted from a 
plurality of laser light sources from directions different 
from each other with a light-converging point located 

35 therewithin. Since a plurality of laser light sources are 
used, this allows the electric field intensity of laser light 
at the light-converging point to have such a magnitude 
that multiphoton absorption can occur. Hence, even 
continuous wave laser light having an instantaneous 

40 power lower than that of pulse laser light can form a 
modified region. The respective laser light beams emit- 
ted from a plurality of laser light sources may enter the 
object to be processed from the surface thereof. A plu- 
rality of laser light sources may include a laser light 

45 source for emitting laser light entering the object to be 
processed from the surface thereof, and a laser light 
source for emitting laser light entering the object to be 
processed from the rear face thereof. A plurality of laser 
light sources may include a light source section in which 

50 laser light sources are arranged in an array along a line 
along which the object is intended to be cut. This can 
form a plurality of light-converging points along the line 
along which the object is intended to be cut at the same 
time, thus being able to improve the processing speed. 

55 [0017] The modified region is formed by moving the 
object to be processed relative to the light-converging 
point of laser light located within the object. Here, the 
above-mentioned relative movement f orms the modified 
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region within the object to be processed along a line 
along which the object is intended to be cut on the sur- 
face of the object. 

[0018] The method may further comprise a cutting 
step of cutting the object to be processed along the line 
along which the object is intended to be cut. When the 
object to be processed cannot be cut in the modified re- 
gion forming step, the cutting step cuts the object. The 
cutting step breaks the object to be processed using the 
modified region as a starting point, thus being able to 
cut the object with a relatively small force. This can cut 
the object to be processed without generating unneces- 
sary fractures deviating from the line along which the 
object is intended to be cut in the surface of the object. 
[0019] Examples of the object to be processed are 
members including glass, piezoelectric material, and 
semiconductor material. Another example of the object 
to be processed is a member transparent to laser light 
emitted. This laser processing method is also applicable 
to an object to be processed having a surface formed 
with an electronic device or electrode pattern. The elec- 
tronic device refers to a semiconductor device, a display 
device such as liquid crystal, a piezoelectric device, or 
the like. 

[0020] The laser processing method in accordance 
with an aspect of the present invention comprises a step 
of irradiating a semiconductor material with laser light 
with a light-converging point located therewith in under 
a condition with a peak power density of at least 1 x 1 0 s 
(W/cm 2 ) and a pulse width of 1 us or less at the light- 
converging point, so as to form a modified region within 
the semiconductor material along a line along which the 
object is intended to be cut in the semiconductor mate- 
rial. The laser processing method in accordance with an 
aspect of the present invention comprises a step of ir- 
radiating a piezoelectric material with laser light with a 
light-converging point located therewithin under a con- 
dition with a peak power density of at least 1 x 1 0 8 (W/ 
cm 2 ) and a pulse width of 1 us or less at the light-con- 
verging point, so as to form a modified region within the 
piezoelectric material along a line along which the object 
is intended to be cut in the piezoelectric material. These 
methods enable laser cutting without generating mert or 
unnecessary fractures deviating from the line along 
which the object is intended to be cut in the surface of 
the object to be processed for the same reason as that 
in the laser processing methods in accordance with the 
foregoing aspects of the present invention. 
[0021] In the laser processing method in accordance 
with an aspect of the present invention, the object to be 
processed may have a surface formed with a plurality 
of circuit sections, while a light-converging point of laser 
light is located in the inside of the object to be processed 
facing a gap formed between adjacent circuit sections 
in the plurality of circuit sections. This can reliably cut 
the object to be processed at the position of the gap 
formed between adjacent circuit sections. 
[0022] The laser processing method, in accordance 
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with an aspect of the present invention can converge 
laser light at an angle by which a plurality of circuit sec- 
tions are not irradiated with the laser light. This can pre- 
vent the laser light from entering the circuit sections and 
protect the circuit sections against the laser light. 
[0023] The laser processing method in accordance 
with an aspect the present invention comprises a step 
of irradiating a semiconductor material with laser light 
with a light-converging point located within the semicon- 
ductor material, so as to form a molten processed region 
only within the semiconductor material along a line 
along which the object is intended to be cut in the sem- 
iconductor material. The laser processing method in ac- 
cordance with this aspect of the present invention ena- 
bles laser processing without generating unnecessary 
fractures in the surface of the object to be processed 
and without melting the surface due to the same reasons 
as mentioned above. The molten processed region may 
be caused by muttiphoton absorption or other reasons. 
[0024] (2) The laser processing method in accord- 
ance with an aspect of the present invention comprises 
a step of irradiating an object to be processed with laser 
light such that a light-converging point of laser light el- 
liptically polarized with an ellipticity of other than 1 is lo- 
cated within the object to be processed while the major 
axis of an ellipse indicative of the elliptical polarization 
of the laser light extends along a line along which the 
object is intended to be cut, so as to form a modified 
region caused by muttiphoton absorption along the line 
along which the object is intended to be cut within the 
object to be processed. 

[0025] The laser processing method in accordance 
with this aspect of the present invention forms a modi- 
fied region by irradiating the object to be processed with 
laser light such that the major axis of an ellipse indicative 
of the elliptical polarization of laser light extends along 
the line along which the object is intended to be cut in 
the object to be processed. The inventor has found that, 
when elliptical ly polarized laser light is used, the forming 
of a modified region is accelerated in the major axis di- 
rection of an ellipse indicative of the elliptical polariza- 
tion (ke., the direction in which the deviation in polariza- 
tion is strong). Therefore, when a modified region is 
formed by irradiating the object to be processed with la- 
ser light such that the major axis direction of the ellipse 
indicative of the elliptical polarization extends along the 
line along which the object is intended to be cut in the 
object to be processed, the modified region extending 
along the line along which the object is intended to be 
cut can be formed efficiently. Therefore, the laser 
processing method in accordance with this aspect of the 
present invention can improve the processing speed of 
the object to be processed. 

[0026] Also, the laser processing method in accord- 
ance with the present invention restrains the modified 
region from being formed except in the direction extend- 
ing along the line along which the object is intended to 
be cut, thus making it possible to cut the object to be 
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processed precisely along the line along which the ob- 
ject is intended to be cut. 

[0027] Here, the ellipticity refers to half the length of 
the minor axis/half the length of major axis of the ellipse. 
As the ellipticity of laser light is smaller, the forming of 
modified region is accelerated in the direction extending 
along the line along which the object is intended to be 
cut but suppressed in the other directions. The ellipticity 
can be determined in view of the thickness, material, 
and the like of the object to be processed. Linear polar- 
ization is elliptical polarization with an^llipticjt y of zero . 
[0028] The laser processing method in accordance 
with an aspect of the present invention comprises a step 
of irradiating an object to be processed with laser light 
such that a light-converging point of laser light elliptically 
polarized with an ellipticity of otherthan 1 is located with- 
in the object to be processed while the major axis of an 
ellipse indicative of the elliptical polarization of the laser 
light extends along a line along which the object is in- 
tended to be cut under a condition with a peak power 
density of at least 1 x 1 0 8 (W/cm 2 ) and a pulse width of 
1 us or less at the light-converging point, so as to form 
a modified region including a crack region along the line 
along which the object is intended to be cut within the 
object to be processed. 

[0029] The laser processing method in accordance 
with this aspect of the present invention irradiates the 
object to be processed with laser light such that the ma- 
jor axis of the ellipse indicative of the elliptical polariza- 
tion of laser light extends along the line along which the 
object is intended to be cut in the objecttobe processed, 
thus making it possible to form the modified region effi- 
ciently and cut the object precisely along the line along 
which the object is intended to be cut as in the laser 
processing method in accordance with the above-men- 
tioned aspect of the present invention. 
[0030] The laser processing method in accordance 
with an aspect of the present invention comprises a step 
of irradiating an object to be processed with laser light 
such that a light-converging point of laser light elliptically 
polarized with an ellipticity of otherthan 1 is located with- 
in the object to be processed while the major axis of an 
ellipse indicative of the elliptical polarization of the laser 
light extends along the line along which the object is in- 
tended to be cut under a condition with a peak power 
density of at least 1 x 1 0 8 (W/cm 2 ) and a pulse width of 
1 \xs or less at the light-converging point, so as to form 
a modified region including a molten processed region 
along the line along which the object is intended to be 
cut within the object to be processed. 
[0031] The laser processing method in accordance 
with this aspect of the present invention irradiates the 
object to be processed with laser light such that the ma- 
jor axis of the ellipse indicative of the elliptical polariza- 
tion of laser light extends along the line along which the 
object is intended to be cut in the object to be processed, 
thus making it possible to form the modified region effi- 
ciently and cut the object precisely along the line along 



which the object is intended to be cut as in the laser 
processing method in accordance with the above-men- 
tioned aspect of the present invention. 
[0032] The laser processing method in accordance 

5 with an aspect of the present invention comprises a step 
of irradiating an object to be processed with laser light 
such that a light-converging point of laser light elliptically 
polarized with an ellipticity of otherthan 1 is located with- 
in the object to be processed while the major axis of an 

10 ellipse indicative of the elliptical polarization of the laser 
light extends along a line along which the object is in- 
tended to be cut under a condition with a peak power 
density of at least 1 x 1 0 8 (W/cm 2 ) and a pulse width of 
1 ns or less at the light-converging point, so as to form 

15 a modified region including a refractive index change re- 
gion which is a region with a changed refractive index 
within the object along a line along which the object is 
intended to be cut in the object. 
[0033] The laser processing method in accordance 

20 with this aspect of the present invention irradiates the 
object to be processed with laser light such that the ma- 
jor axis of the ellipse indicative of the elliptical polariza- 
tion of laser light extends along the line along which the 
object is intended to be cut in the object to be processed, 

25 thus making it possible to form the modified region effi- 
ciently and cut the object precisely along the line along 
which the object is intended to be cut as in the laser 
processing method in accordance with the above-men- 
tioned aspect of the present invention. 

30 [0034] Modes employable in the laser processing 
methods in accordance with the foregoing aspects of the 
present invention are as follows: 
[0035] Laser light having elliptical polarization with an 
ellipticity of zero can be used. Linearly polarized light is 

35 obtained when the ellipticity is zero. Linearly polarized 
light can maximize the size of the modified region ex- 
tending along the line along which the object is intended 
to be cut and minimize the sizes in the other directions. 
The ellipticity of elliptically polarized light can be adjust- 

40 ed by the angle of direction of a quarter-wave plate. 
When a quarter-wave plate is used, the ellipticity can be 
adjusted by changing the angle of direction alone. 
[0036] After the step of forming the modified region, 
the object to be processed may be irradiated with laser 

45 Hght while the polarization of laser light Is rotated by 
about 90° by a half-wave plate. Also, after the step of 
forming the modified region, the object to be processed 
may be irradiated with laser light while the object to be 
processed is rotated by about 90° about the thickness 

50 direction of the object to be processed. These can f orm 
another modified region extending in a direction along 
the surface of the object to be processed and intersect- 
ing the former modified region. Therefore, for example, 
respective modified regions extending along lines to be 

55 cut in X- and Y-axis directions can be formed efficiently. 
[0037] The laser processing method in accordance 
with an aspect of the present invention comprises a step 
of irradiating an object to be processed with laser light 
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such that a light-converging point of laser light elliptically 
polarized with an ellipticity of otherthan 1 is located with- 
in the object to be processed while the major axis of an 
ellipse indicative of the elliptical polarization of the laser 
light extends along a line along which the object is in- 
tended to be cut, so as to cut the object to be processed 
along the line along which the object is intended to be 
cut. 

[0038] The laser processing method in accordance 
with this aspect of the present invention irradiates the 
object to be processed with laser light such that the ma- 
jor axis of the ellipse indicative of the elliptical polariza- 
tion of laser light extends along the line along which the 
object is intended to be cut in the object t o be proc- 
essed. Therefore, the object to be processed can be cut 
along the line along which the object is intended to be 
cut. The laser processing method in accordance with 
this aspect of the present invention can cut the object to 
be processed by making the object absorb laser light so 
as to melt the object upon heating. Also, the laser 
processing method in accordance with this aspect of the 
present invention may generate multiphoton absorption 
by irradiating the object to be process ed w it h l a&cT Tignt, 
thereby forming a modified region within the object, and 
cut the object while using the modified region as a start- 
, ing point. 

I [0039] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; ellipticity adjusting means 
for making the pulse laser light emitted from the laser 
light source attain elliptical polarization with an ellipticity 
of otherthan 1 ; major axis adjusting means for making 
a major axis of an ellipse indicative of the elliptical po- 
larization of the pulse laser light adjusted by the elliptic- 
ity adjusting means extend along a line along which the 
object is intended to be cut in an object to be processed; 
light-converging means for converging the pulse laser 
light adjusted by the major axis adjusting means such 
that the pulse laser light attains a peak power density of 
at least 1 x 10 8 (W/cm 2 ) at a light-converging point; 
means for locating the light-converging point of the 
pulse laser light converged by the light-converging point 
within the object to be processed; and moving means 
for relatively moving the light-converging point of pulse 
laser light along the line along which the object is intend- 
ed to be cut. 

[0040] The laser processing apparatus in accordance 
with this aspect of the present invention enables laser 
cutting without generating melt or unnecessary frac- 
tures deviating from the line along which the object is 
intended to be cut in the surface of the object to be proc- 
essed for the same reason as that in the laser process- 
ing methods in accordance with the above-mentioned 
aspects of the present invention. Also, it irradiates the 
object to be processed with laser light such that the ma- 
jor axis of the ellipse indicative of the elliptical polariza- 
tion of laser light extends along the line along which the 



object is intended to becut in the object to be processed, 
thus making it possible to form the modified region effi- 
ciently and cut the object precisely along the line along 
which the object is intended to be cut with the laser 
5 processing methods in accordance with the above-men- 
tioned aspects of the present invention. 
[0041 ] Modes employable in the laser processing ap- 
paratus in accordance with the present invention are as 
follows: 

10 [0042] It may comprise 90° rotation adjusting means 
adapted to rotate the polarization of the pulse laser light 
adjusted by the ellipticity adjusting means by about 90°. 
Also, ft may comprise rotating means for rotating a table 
for mounting the object to be processed by about 90° 

15 about a thickness direction of the object. These can 
make the major axis of the ellipse indicative of the ellip- 
tical polarization of pulse laser light extend along anoth- 
er line along which the object is intended to be cut which 
extends in a direction along a surface of the object to be 

20 processed while extending in a direction intersecting 
along the former line along which the object is intended 
to be cut. Therefore, for example, respective modified 
regions extending along lines to be cut in X- and Y-axis 
directions can be formed efficiently. 

25 [0043] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 us or less and linear polarization; linear 
polarization adjusting means for making the direction of 

30 linear polarization of the pulse laser light emitted from 
the laser light source align with a line along which the 
object is intended to be cut in an object to be processed; 
light-converging means for converging the pulse laser 
light adjusted by the linear polarization adjusting means 

35 such that the pulse laser light attains a peak power den- 
sity of at least 1 x 1 0 8 (W/cm 2 ) at a light-converging 
point; means for locating the light-converging point of 
the pulse laser light converged by the light-converging 
point within the object to be processed; and moving 

40 means for relativerymoving the light-converging point of 
pulse laser light along the line along which the object is 
intended to be cut. 

[0044] The laser processing apparatus in accordance 
with this aspect of the present invention enables laser 

45 cutting without g enerating melt or unnecessary fr ac- 
tures dev iating trom the line along wnich the object is 
intended to be COTIh the surface of the object to be proc- 
essed for the same reason as that in the laser process- 
ing methods in accordance with the above-mentioned 

so aspects of the present invention. Also, as with the laser 
processing methods in accordance with the above-men- 
tioned aspects of the present invention, the laser 
processing apparatus in accordance with this aspect of 
the present invention makes it possible to form the mod- 

55 if jed region efficiently and cut the object precisely along 
the line along which the object is intended to be cut. 
[0045] (3) The laser processing apparatus in accord- 
ance with an aspect of the present invention comprises 
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a laser light source for emitting pulse laser light having 
a pulse width of 1 us or less; power adjusting means for 
adjusting the magnitude of power of the pulse laser light 
emitted from the laser light source according to an input 
of the magnitude of power of pulse laser light; light-con- 
verging means for converging the pulse laser light ad- 
justed by the linear polarization adjusting means such 
that the pulse laser light attains a peak power density of 
at least 1 x 10 8 (W/cm 2 ) at a light-converging point; 
means for locating the light-converging point of the 
pulse laser light converged by the light-converging 
means within an object to be processed; and moving 
means for relatively moving the light-converging point 
of pulse laser light along a line along which the object 
is intended to be cut in the object to be processed; 
wherein one modified spot is formed within the object to 
be processed by irradiating the object to be processed 
with one pulse of pulse laser light while locating the light- 
converging point within the object; the laser processing 
apparatus further comprising correlation storing means 
having stored therein a correlation between the magni- 
tude of power of pulse laser adjusted by the power ad- 
justing means and the size of modified spot; size select- 
ing means for choosing, according to an inputted mag- 
nitude of power of pulse laser light, a size of the modified 
spot formed at this magnitude of power from the corre- 
lation storing means; and size display means for dis- 
playing the size of modified spot chosen by the size se- 
lecting means. 

[0046] The inventor has found that the modified spot 
can be controlled so as to become smaller and larger 
when the power of pulse laser light is made lower and 
higher, respectively. The modified spot is a modified part 
formed by one pulse of pulse laser light, whereas an as- 
sembly of modified spots forms a modified region. Con- 
trol of the modified spot size affects cutting of the object 
to be processed. Namely, the accuracy in cutting the ob- 
ject to be processed along the line along which the ob- 
ject is intended to be cut and the flatness of the cross 
section deteriorate when the modified spot is too large. 
When the modified spot is too smalt for the object to be 
processed having a large thickness, on the other hand, 
the object is hard to cut. The laser processing apparatus 
in accordance with this aspect of the present invention 
can control the size of modified spot by adjusting the 
magnitude of power of pulse laser light. Therefore, it can 
cut the object to be processed precisely along the line 
along which the object is intended to be cut, and can 
obtain a flat cross section. 

[0047] The laser processing apparatus in accordance 
with this aspect of the present invention also comprises 
correlation storing means having stored therein a con-e- 
lation between the magnitude of power of pulse laser 
adjusted by the power adjusting means and the size of 
modified spot. According to an inputted magnitude of 
power of pulse laser light, the size of modified spot 
formed at this magnitude of power is chosen from the 
correlation storing means, and thus chosen size of mod- 



ified spot is displayed. Therefore, the size of modified 
spot formed at the magnitude of power of pulse laser 
light fed into the laser processing apparatus can be seen 
before laser processing. 

5 [0048] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; a light-converging lens for 
converging the pulse laser light emitted from the laser 

io light source such that the pulse laser light attains a peak 
power density of at least 1 x 1 0 8 (W/cm 2 ) at a light-con- 
verging point; numerical aperture adjusting-means for 
adjusting the size of numerical aperture of an optical 
system including the light-converging tens according to 

15 an inputted size of numerical aperture; means for locat- 
ing the light-converging point of the pulse laser light con- 
verged by the light-converging lens within an object to 
be processed; and moving means for relatively moving 
the light-converging point of pulse laser light along a line 

20 along which the object is intended to be cut in the object 
to be processed; wherein one modified spot is formed 
within the object to be processed by irradiating the ob- 
ject to be processed with one pulse of pulse laser light 
while locating the tight-converging point within the ob- 

25 ject; the laser processing apparatus further comprising 
con-elation storing means having stored therein a corre- 
lation between the size of numerical aperture adjusted 
by the power adjusting means and the size of modified 
spot; size selecting means for choosing, according to 

30 an inputted magnitude of power of pulse laser light, a 
size of the modified spot formed at this size of numerical 
aperture from the correlation storing means; and size 
display means for displaying the size of modified spot 
chosen by the size selecting means. 

35 [0049] The inventor has found that the modified spot 
can be controlled so as to become smaller and larger 
when the numerical aperture of the optical system in- 
cluding the light-converging lens is made greater and 
smaller, respectively. Thus, the laser processing appa- 

40 ratus in accordance with this aspect of the present in- 
vention can control the size of modified spot by adjusting 
the size of numerical aperture of the optical system in- 
cluding the light-converging lens. 
[0050] The laser processing apparatus in accordance 

45 with this aspect of the present Invention also comprises 
correlation storing means having stored therein a corre- 
lation between the size of numerical aperture and the 
size of modified spot. According to an inputted size of 
numerical aperture, the size of modified spot formed at 

so this magnitude of power is chosen from the correlation 
storing means, and thus chosen size of modified spot is 
displayed. Therefore, the size of modified spot formed 
at the size of numerical aperture fed into the laser 
processing apparatus can be seen before laser 

55 processing. 

[0051 ] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
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pulse width of 1 us or less; and lens selecting means 
including a plurality of light-converging lenses for con- 
verging the pulse laser light emitted from the laser light 
source such that the pu Ise laser light attains a peak pow- 
er density of at least 1 x 1 0 8 (W/cm 2 ) at a light-converg- 
ing point, the lens selecting means being adapted to se- 
lect among a plurality of light-converging lenses, a plu- 
rality of optical systems including the light-converging 
lenses having respective numerical apertures different 
from each other; means for locating the light-converging 
point of the pulse laser light converged by a light-con- 
verging lens chosen by the lens selecting means within 
an object to be processed; and moving means for rela- 
tively moving the light-converging point of pulse laser 
light along a line along which the object is intended to 
be cut in the object to be processed; wherein one mod- 
ified spot is formed within the object to be processed by 
irradiating the object to be processed with one pulse of 
pulse laser light while locating the light-converging point 
within the object; the laser processing apparatus further 
comprising correlation storing means haying stored 
therein a correlation between sizes of numerical aper- 
tures of a plurality of optical systems including the light- 
converging lenses and the size of modified spot; size 
selecting means for choosing, according to a size of nu- 
merical aperture of an optical system including a chosen 
light-converging lens, a size of the modified spot formed 
at this size of numerical aperture from the correlation 
storing means; and size display means for displaying 
the size of modified spot chosen by the size selecting 
means. 

[0052] The laser processing apparatus in accordance 
with the present invention can control the size of modi- 
fied spot. Also, the size of modified spot formed at the 
size of numerical aperture of the optical system includ- 
ing the chosen light-converging lens can be seen before 
laser processing. 

[0053] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; power adjusting means for 
adjusting the magnitude of power of pulse laser light 
emitted from the laser light source according to an in- 
putted magnitude of power of pulse laser light; a light- 
converging lens for converging the pulse laser light emit- 
ted from the laser light source such that the pulse laser 
light attains a peak power density of at least 1 x 1 0 8 (W/ 
cm 2 ) at a lightrconverging point; numerical aperture ad- 
justing means for adjusting the size of numerical aper- 
ture of an optical system including the light-converging 
lens according to an inputted size of numerical aperture; 
means for locating the light-converging point of the 
pulse laser light converged by the light-converging lens 
within an object to be processed; and moving means for 
relatively moving the light-converging point of pulse la- 
ser light along a line along which the object is intended 
to be cut in the object to be processed; wherein one 
modified spot is formed within the object to be proc- 



essed by irradiating the object to be processed with one 
pulse of pulse laser light while locating the light-converg- 
ing point within the object; the laser processing appara- 
tus further comprising correlation storing means having 

5 stored therein a correlation between a set of the magni- 
tude of power of pulse laser light adjusted by the power 
adjusting means and the size of numerical aperture ad- 
justed by the numerical aperture adjusting means and 
the size of of modified spot; size selecting means for 

w choosing, according to an inputted magnitude of power 
of pulse laser light and an inputted size of numerical ap- 
erture, a size of the modified spot formed at thus input- 
ted magnitude and size; and size display means for dis- 
playing the size of modified spot chosen by the size se- 

15 lectin g means. 

[0054] The laser processing apparatus in accordance 
with this aspect of the present invention can combine 
power adjustment with numerical aperture adjustment, 
thus being able to increase the number of kinds of con- 
so tradable dimensions of modified spots. Also, for the 
same reason as that of the laser processing apparatus 
in accordance with the present invention, the size of 
modified spot can be seen before laser processing. 
[0055] The laser processing apparatus in accordance 

25 with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; power adjusting means for 
adjusting the magnitude of power of pulse laser light 
emitted from the laser light source according to an in- 

30 putted magnitude of power of pulse laser light; lens se- 
lecting means including a plurality of light-converging 
lenses for converging the pulse laser light emitted from 
the laser light source such that the pulse laser light at- 
tains a peak power density of at least 1 x 1 0 8 (W/cm 2 ) 

35 at a light-converging point, the lens selecting means be- 
ing adapted to select among a plurality of light-converg- 
ing lenses, a plurality of optical systems including the 
light-converging lenses having respective numerical ap- 
ertures different from each other; means for locating the 

40 light-converging point of the pulse laser light converged 
by a light-converging lens chosen by the lens selecting 
means within an object to be processed; and moving 
means for relatively moving the light-converging point 
of pulse laser light along a line along which the object 

45 is intended to be cut in the object to be processed; 
wherein one modified spot is formed within the object to 
be processed by irradiating the object to be processed 
with one pulse of pulse laser light while locating the light- 
converging point within the object; the laser processing 

so apparatus further comprising correlation storing means 
having stored therein a correlation between a set of the 
magnitude of power of pulse laser light adjusted by the 
power adjusting means and sizes of numerical aper- 
tures of a plurality of optical systems including the light- 

55 converging lenses and the size of modified spot; size 
selecting means for choosing, according to an inputted 
magnitude of power of pulse laser light and an inputted 
size of numerical aperture, a size of the modified spot 
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formed at thus inputted magnitude and size; and size 
display means for displaying the size of modified spot 
chosen by the size selecting means. 
[0056] For the same reason as that of the laser 
processing apparatus in accordance with the above- 
mentioned, aspect of the present invention, the laser 
processing apparatus in accordance with this aspect of 
the present invention can increase the number of kinds 
of controllable dimensions of modified spots and can 
see the size of modified spots before laser processing. 
[0057] The laser processing apparatus explained in 
the foregoing may comprise image preparing means for 
preparing an image of modified spot having the size se- 
lected by the size selecting means, and image display 
means for displaying the image prepared by the image 
preparing means. This allows the formed modified spot 
to be grasped visually before laser processing. 
[0058] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; power adjusting means for 
adjusting the magnitude of power of pulse laser light 
emitted from the laser light source; light-converging 
means for converging the pulse laser light emitted from 
the laser light source such that the pulse laser light at- 
tains a peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point; means for locating the light- 
converging point of the pulse laser light converged by 
the light-converging means within an object to be proc- 
essed; and moving means for relatively moving the light- 
converging point of pulse laser light along a line along 
which the object is intended to be cut in the object to be 
processed; wherein one modified spot is formed within 
the object to be processed by irradiating the object to 
be processed with one pulse of pulse laser light while 
locating the light-converging point within the object; the 
laser processing apparatus further comprising correla- 
tion storing means having stored therein a correlation 
between the magnitude of power of pulse laser light ad- 
justed by the power adjusting means and the size of 
modified spot; power selecting means for choosing, ac- 
cording to an inputted size of modified spot, a magnitude 
of power of pulse laser light adapted to form this size 
from the correlation storing means; the power adjusting 
means adjusting the magnitude of power of pulse laser 
light emitted from the laser light source such that the 
magnitude of power chosen by the power selecting 
means is attained. 

[0059] The laser processing apparatus in accordance 
with this aspect of the present invention comprises cor- 
relation storing means having stored therein the magni- 
tude of power of pulse laser light and the size of modified 
spot. According to an inputted size of the modified spot, 
the magnitude of power of pulse laser light adapted to 
form this size is chosen from the correlation storing 
means. The power adjusting means adjusts the magni- 
tude of power of pulse laser light emitted from the laser 
light source so as to make it become the magnitude of 



power chosen by the power selecting means. Therefore, 
a modified spot having a desirable size can be formed. 
[0060] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 

5 ser light source for emitting pulse laser light having a 
pulse width of 1 as or less; a light-converging lens for 
converging the pulse Laser light emitted from the laser 
light source such that the pulse laser light attains a peak 
power density of at least 1 x 1 0 8 (W/cm 2 ) at a light-con- 

10 verging point; numerical aperture adjusting means for 
adjusting the size of numerical aperture of an optical 
system including the light-converging lens according to 
an inputted size of numerical aperture; means for locat- 
ing the light-converging point of the pulse laser light con- 

15 verged by the light-converging lens within an object to 
be processed; and moving means for relatively moving 
the light-converging point of pulse laser light along a line 
along which the object is intended to be cut in the object 
to be processed; wherein one modified spot is formed 

20 within the object to be processed by irradiating the ob- 
ject to be processed with one pulse of pulse laser light 
while locating the light-converging point within the ob- 
ject; the laser processing apparatus further comprising 
correlation storing means having stored therein a corre- 

25 lation between the size of numerical aperture adjusted 
by the numerical aperture adjusting means and the size 
of modified spot; and numerical aperture selecting 
means for choosing, according to an inputted size of 
modified spot, the size of numerical aperture adapted to 

30 form thus inputted size; the numerical aperture adjusting 
means adjusting the size of numerical aperture of the 
optical system including the light-converging lens such 
that the size of numerical aperture chosen by the nu- 
merical aperture selecting means is attained. 

35 [Q061 ] The laser processing apparatus in accordance 
with this aspect of the present invention comprises cor- 
relation storing means having stored therein the size of 
numerical aperture and the size of modified spot. Ac- 
cording to an inputted size of modified spot, the size of 

40 numerical aperture adapted to form thus inputted size 
is chosen from the correlation storing means. The nu- 
merical aperture adjusting means adjusts the size of nu- 
merical aperture of the optical system including the light- 
converging lens such that the size of numerical aperture 

45 chosen by the numerical aperture selecting means is at- 
tained. Therefore, modified spots having a desirable 
size can be formed. 

[0062] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 

50 ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; lens selecting means includ- 
ing a plurality of light-converging lenses for converging 
the pulse laser light emitted from the laser light source 
such that the pulse laser light attains a peak power den- 

55 sity of at least 1 X 10 8 (W/cm 2 ) at a light-converging 
point, the lens selecting means being adapted to select 
among a plurality of light-converging lenses, a plurality 
of optical systems including the light-converging lenses 
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having respective numerical apertures different from 
each other; means for locating the light-converging point 
of the pulse laser light converged by a light-converging 
lens chosen by the lens selecting means within an object 
to be processed; and moving means for relatively mov- 5 
ing the light-converging point of pulse laser light along 
a line along which the object is intended to be cut in the 
object to be processed; wherein one modified spot is 
formed within the object to be processed by irradiating 
the object to be processed with one pulse of pulse laser 
light while locating the light-converging point within the 
object; the laser processing apparatus further compris- 
ing correlation storing means having stored therein a 
correlation between sizes of numerical apertures of a 
plurality of light-converging lenses and the size of mod- 
ified spot; and numerical aperture selecting means for 
choosing, according to an inputted size of modified spot, 
a size of numerical aperture adapted to form thus input- 
ted size; the lens selecting means selecting among a 
plurality of light-converging lenses such that the size of 
numerical aperture chosen by the numerical aperture 
selecting means is attained. 

[0063] According to an inputted size of modified spot, 
the laser processing apparatus in accordance with this 
aspect of the present invention chooses the size of nu- 
merical aperture adapted to form thus inputted size. The 
lens selecting means selects among a plurality of light- 
converging lenses such that the size of numerical aper- 
ture chosen by the numerical aperture selecting means 
is attained. Therefore, modified spots having a desirable 
spots can be formed. 

[0064] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; power adjusting means for 
adjusting the magnitude of power of pulse laser tight 
emitted from the laser light source; a light-converging 
lens for converging the pulse laser light emitted from the 
laser light source such that the pulse laser light attains 
a peak power density of at least 1 x 10 8 (W/cm 2 ) at a 
light-converging point; numerical aperture adjusting 
means for adjusting the size of numerical aperture of an 
optical system including the light-converging lens; 
means for locating the light-converging point of the 
pulse laser light converged by the light-converging lens 
within an object to be processed; and moving means for 
relatively moving the light-converging point of pulse la- 
ser light along a line along which the object is intended 
to be cut in the object to be processed; wherein one 
modified spot is formed with in the object to be proc- 
essed by irradiating the object to be processed with one 
pulse of pulse laser light while locating the light-converg- 
ing point within the object; the laser processing appara- 
tus further comprising correlation storing means having 
stored therein a correlation between a set of the magni- 
tude of power of pulse laser light adjusted by the power 
adjusting means and the size of numerical aperture ad- 
justed by the numerical aperture adjusting means and 



the size of modified spot; and set selecting means for 
choosing, according to an inputted size of modified spot, 
a set of the magnitude of power and size of numerical 
aperture adapted to form this size; the power adjusting 
means and numerical aperture adjusting means adjust- 
ing the magnitude of power of pulse laser light emitted 
from the laser light source and the size of numerical ap- 
erture of the optical system including the light-converg- 
ing lens such that the magnitude of power and size of 
numerical aperture chosen by the set selecting means 
are attained. 

[0065] According to an inputted size of modified spot, 
the laser processing apparatus in accordance with this 
aspect of the present invention chooses a combination 
of the magnitude of power and size of numerical aper- 
ture adapted to form thus inputted size from the corre- 
lation storing means. Then, it adjusts the magnitude of 
power of pulse laser light and the size of numerical ap- 
erture of the optical system including the light-converg- 
ing lens so as to attain the chosen magnitude of power 
and size of numerical aperture. Therefore, modified 
spots having a desirable size can be formed. Also, since 
the magnitude of power and the size of numerical aper- 
ture are combined together, the number of kinds of con- 
trollable dimensions of modified spots can be increased. 
[0066] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 \xs or less; power adjusting means for 
adjusting the magnitude of power of pulse laser light 
emitted from the laser light source; lens selecting means 
including a plurality of light-converging lenses for con- 
verging the pulse laser light emitted from the laser light 
source such that the pulse laser light attains a peak pow- 
er density of at least 1 x 1 0 8 (W/cm 2 ) at a light-converg- 
ing point, the lens selecting means being adapted to se- 
lect among a plurality of light-converging lenses, a plu- 
rality of optical systems including the light-converging 
lenses having respective numerical apertures different 
from each other; means for locating the light-converging 
point of the pulse laser light converged by a light-con- 
verging lens chosen by the lens selecting means within 
an object to be processed; and moving means for rela- 
tively moving the light-converging point of pulse laser 
light along a line along which the object is intended to 
be cut in the object to be processed; wherein one mod- 
ified spot is formed within the object to be processed by 
irradiating the object to be processed with one pulse of 
pulse laser light while locating the light-converging point 
within the object; the laser processing apparatus further 
comprising correlation storing means having stored 
therein a correlation between a set of the magnitude of 
power of pulse laser light adjusted by the power adjust- 
ing means and sizes of numerical apertures of a plurality 
of optical systems including the light-converging lenses 
and the size of modified spot; and set selecting means 
for choosing, according to an inputted size of modified 
spot, a set of the magnitude of power and size of nu- 
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merical aperture adapted to form thus inputted size from 
the correlation storing means; the power adjusting 
means and lens selecting means adjusting the magni- 
tude of power of pulse laser light emitted from the laser 
light source and selecting among a plurality of light-con- 
verging lenses so as to attain the power and size of nu- 
merical aperture chosen by the set selecting means. 
[0067] According to an inputted size of modified spot, 
the laser processing apparatus in accordance with this 
aspect of the present invention chooses a combination 
of the magnitude of power and size of numerical aper- 
ture adapted to form thus inputted size from the corre- 
lation storing means. It adjusts the magnitude of power 
of pulse laser light emitted from the laser light source 
and selects among a plurality of light-converging lenses 
so as to attain the chosen magnitude of power and size 
of numerical aperture, respectively. Therefore, modified 
spots having a desirable size can be formed. Also, since 
the magnitude of power and the size of numerical aper- 
ture are combined together, the number of kinds of con- 
trollable dimensions of modified spots can be increased. 
[0068] The laser processing apparatus in accordance 
with this aspect of the present invention may further 
comprise display means for displaying the magnitude of 
power chosen by the power selecting means, display 
means for displaying the size of numerical aperture cho- 
sen by the numerical aperture selecting means, and dis- 
play means for displaying the magnitude of power and 
size of numerical aperture of the set chosen by the set 
selecting means. This makes it possible to see the pow- 
er and numerical aperture when the laser processing 
apparatus operates according to an inputted size of 
modified spot. 

[0069] The laser processing apparatus can form a 
plurality of modified spots along a line along which the 
object is intended to be cut within the object to be proc- 
essed. These modified spots define a modified region. 
The modified region includes at least one of a crack re- 
gion where a crack is generated within the object to be 
processed, a molten processed region which is melted 
within the object to be processed, and a refractive index 
change region where refractive index is changed within 
the object to be processed. 

[0070] An example of modes of power adjusting 
means is one including at least one of an ND filter and 
a polarization filter. In another mode, the laser light 
source includes a pumping laser whereas the laser 
processing apparatus comprises driving current control- 
ling means for controlling the driving current of the 
pumping laser. These can adjust the magnitude of pow- 
er of pulse laser light. An example of modes of numerical 
aperture adjustingmeans includes at least one of a 
beam expander and an iris diaphragm. 
[0071] The laser processing method in accordance 
with an aspect of the present invention comprises a first 
step of irradiating an object to be processed with pulse 
laser light while locating a light-converging point of the 
pulse laser light within the object, so as to form a first 



modified region caused by multiphoton absorption with- 
in the object along a first line along which the object is 
intended to be cut in the object; and a second step of 
irradiating the object with pulse laser light while making 

5 the pulse laser light attain a power higher or lower than 
that in the first step and locating the light-converging 
point of the pulse laser light within the object, so as to 
form a second modified region caused by multiphoton 
absorption within the object along a second line along 

10 which the object is intended to be cut in the object. 
[0072] The laser processing method in accordance 
with an aspect of the present invention comprises a first 
step of irradiating an object to be processed with pulse 
laser light while locating a light-converging point of the 

15 pulse laser light within the object, so as to form a first 
modified region caused by multiphoton absorption with- 
in the object along a first line along which the object is 
intended to be cut in the object; and a second step of 
irradiating the object with pulse laser light while making 

20 an optical system including a light-converging lens for 
converging the pulse laser light attain a numerical aper- 
ture greater or smaller than that in the first step and lo- 
cating the light-converging point of the pulse laser light 
within the object, so as to form a second modified region 

25 caused by multiphoton absorption within the object 
along a second line along which the object is intended 
to be cut in the object. 

[0073] When respective directions which are easy to 
cut and hard to cut exist due to the crystal orientation, 

30 for example, the laser processing methods in accord- 
ance with these aspects of the present invention de- 
creases the size of modified spot constituting a modified 
region formed in the easy-to-cut direction and increases 
the size of modified spot constituting another modified 

35 region formed in the hard-to-cut direction. This can at- 
tain a flat cross section in the easy-to-cut direction and 
enables cutting in the hard-to-cut direction as well. 
[0074] (4) The laser processing apparatus in accord- 
ance with an aspect of the present invention comprises 

40 a laser light source for emitting pulse laser light having 
a pulse width of 1 us or less; frequency adjusting means 
for adjusting the magnitude of a repetition frequency of 
the pulse laser light emitted from the laser light source 
according to an inputted magnitude of frequency; light* 

45 converging means for converging the pulse laser light 
emitted from the laser light source such that the pulse 
laser light attains a peak power density of at least 1 x 
10 8 (W/cm 2 ) at a light-converging point; means for lo- 
cating the light-converging point of the pulse laser light 

so converged by the light-converging means within an ob- 
ject to be processed; and moving means for relatively 
moving the light-converging point of pulse laser light 
along a line along which the object is intended to be cut 
in the object to be processed; wherein one modified spot 

55 is formed within the object to be processed by irradiating 
the object to be processed with one pulse of pulse laser 
light while locating the light-converging point within the 
object; and wherein a plurality of modified spots are 
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formed along the line along which the object is intended 
to be cut within the object to be processed by irradiating 
the object to be processed with a plurality of pulses of 
pulse laser light while locating the light-converging point 
within the object and relativelymoving the light-converg- 5 
ing point along the line along which the object is intend- 
ed to be cut; the laser processing apparatus further com- 
prising distance calculating means for calculating a dis- 
tance between modified spots adjacent each other ac- 
cording to an inputted magnitude of frequency; and dis- 
tance display means for displaying the distance calcu- 
lated by the distance calculating means. 
[0075] The inventor has found that, when the light- 
converging point of pulse laser light has a fixed relative 
moving speed, the distance between a modified part (re- 
ferred to as modified spot) formed by one pulse of pulse 
laser light and a modified spot formed by the next one 
pulse of laser light can be made greater by lowering the 
repetition frequency. It has been found that, by contrast, 
the distance can be made shorter by increasing the rep- 
etition frequency of pulse laser light. I n the present spec- 
ification, this distance is expressed as the distance or 
pitch between adjacent modified spots. 
[0076] Therefore, the distance between the adjacent 
modified spots can be controlled by carrying out adjust- 
ment for increasing or decreasing the repetition frequen- 
cy of pulse laser light. Changing the distance according 
to the kind, thickness, and the like of the object to be 
processed enables cutting in conformity to the object to 
be processed. Forming a plurality of modified spots 
along a line along which the object is intended to be cut 
within the object to be processed defines a modified re- 
gion. 

[0077] The laser processing apparatus in accordance 
with this aspect of the present invention calculates the 
distance between adjacent modified spots according to 
the inputted magnitude of frequency, and displays thus 
calculated distance. Therefore, with respect to modified 
spots formed according to the magnitude of frequency 
fed into the laser processing apparatus, the distance be- 
tween adjacent spots can be seen before laser process- 
ing. 

[0078] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; light-converging means for 
converging the pulse laser light emitted from the laser 
light source such that the pulse laser light attains a peak 
power density of at least 1 x 1 0 8 (W/cm 2 ) at a light-con- 
verging point; means for locating the light-converging 
point of the pulse laser light converged by the light-con- 
verging means within an object to be processed; moving 
means for relatively moving the light-converging point 
of pulse laser light along a line along which the object 
is intended to be cut in the object to be processed; and 
speed adjusting means for adjusting the magnitude of 
relative moving speed of the light-converging point of 
pulse laser light caused by the moving means according 



to an inputted magnitude of speed; wherein one modi- 
fied spot is formed within the object to be processed by 
irradiating the object to be processed with one pulse of 
pulse laser light while locating the light-converging point 
within the object; and wherein a plurality of modified 
spots are formed along the line along which the object 
is intended to be cut within the object to be processed 
by irradiating the object to be processed with a plurality 
of pulses of pulse laser light while locating the light-con- 
verging point within the object and relatively moving the 
light-converging point along the line along which the ob- 
. ject is intended to be cut; the laser processing apparatus 
further comprising distance calculating means for cal- 
culating a distance between modified spots adjacent 
each other according to an inputted magnitude of speed; 
and distance display means for displaying the distance 
calculated by the distance calculating means. 
[0079] The inventor has found that, when the light- 
converging point of pulse laser light has a fixed relative 
moving speed, the distance between adjacent modified 
spots can be made shorter and longer by decreasing 
and increasing the relative moving speed of the light- 
converging point of pulse laser light, respectively. 
Therefore, the distance between adjacent modified 
spots can be controlled by increasing or decreasing the 
relative moving speed of the light-converging point of 
pulse laser light. As a consequence, a cutting process 
suitable for an object to be processed is possible by 
changing the distance according to the kind, thickness, 
and the like of the object to be processed. The relative 
movement of the light-converging point of pulse laser 
light may be achieved by moving the object to be proc- 
essed while fixing the light-converging point of pulse la- 
ser light, by moving the light-converging point of pulse 
laser light while fixing the object to be processed, or by 
moving both. 

[0080] The laser processing apparatus in accordance 
with this aspect of the present invention calculates the 
distance between adjacent modified spots according to 
the inputted magnitude of speed, and displays thus cal- 
culated distance. Therefore, with respect to modified 
spots formed according to the magnitude of speed fed 
into the laser processing apparatus, the distance be- 
tween adjacent spots can be seen before laser process- 
ing. 

[0081 ] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; frequency adjusting means 
for adjusting the magnitude of a repetition frequency of 
the pulse laser light emitted from the laser light source 
according to an inputted magnitude of frequency; light- 
converging means for converging the pulse laser light 
emitted from the laser light source such that the pulse 
laser light attains a peak power density of at least 1 x 
10 8 (W/cm 2 ) at a light-converging point; means for lo- 
cating the light-converging point of the pulse laser light 
converged by the light-converging means within an ob- 
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jectto be processed; moving means for relatively mov- 
ing the light-converging point of pulse laser light along 
a line along which the object is intended to be cut in the 
object to be processed; and speed adjusting means for 
adjusting the magnitude of relative moving speed of the 
light-converging point of pulse laser light caused by the 
moving means according to an inputted magnitude of 
speed; wherein one modified spot is formed within the 
object to be processed by irradiating the object to be 
processed with one pulse of pulse laser light while lo- 
cating the light-converging point within the object; and 
wherein a plurality of modified spots are formed along 
the line along which the object is intended to be cut with- 
in the object to be processed by irradiating the object to 
be processed with a plurality of pulses of pulse laser light 
while locating the light-converging point within the object 
and relatively moving the light-converging point along 
the line along which the object is intended to be cut; the 
laser processing apparatus further comprising distance 
calculating means for calculating a distance between 
modified spots adjacent each other according to input- 
ted magnitudes of frequency and speed; and distance 
display means for displaying the distance calculated by 
the distance calculating means. 
[0082] The laser processing apparatus in accordance 
with this aspect of the present invention adjusts both the 
magnitude of a repetition frequency of pulse laser light 
and the magnitude of relative moving speed of the light- 
converging point, thereby being able to control the dis- 
tance between adjacent modified spots. Combining 
these adjustments makes it possible to increase the 
number of kinds of controllable dimensions concerning 
the distance. Also, the laser processing apparatus in ac- 
cordance with this aspect of the present invention allows 
the distance between adjacent modified spots to be 
seen before laser processing. 
[0083] These laser processing apparatus may further 
comprise size storing means having stored therein the 
size of a modified spot formed by the laser processing 
apparatus; image preparing means for preparing an im- 
age of a plurality of modified spots formed along a line 
along which the object is intended to be cut according 
to the size stored in the size storing means and the dis- 
tance calculated by the distance calculating means; and 
image display means for displaying the image prepared 
by the image preparing means. This allows a plurality of 
modified spots, i.e., modified region, to be grasped vis- 
ually before laser processing. 
[0084] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 u.s or less; frequency adjusting means 
for adjusting the magnitude of a repetition frequency of 
the pulse laser light emitted from the laser light source 
according to an inputted magnitude of frequency; light- 
converging means for converging the pulse laser light 
emitted from the laser light source such that the pulse 
laser light attains a peak power density of at least 1 x 



10* (W/cm 2 ) at a light-converging point; means for lo- 
cating the light-converging point of the pulse laser light 
converged by the light-converging means within an ob- 
ject to be processed; and moving means for relatively 

5 moving the light-converging point of pulse laser light 
along a line along which the object is intended to be cut 
in the object to be processed; wherein one modified spot 
is formed within the object to be processed by irradiating 
the object to be processed with one pulse of pulse laser 

io light while locating the light-converging point within the 
object; and wherein a plurality of modified spots are 
formed along the line along which the object is intended 
to be cut within the object to be processed by irradiating 
the object to be processed with a plurality of pulses of 

15 pulse laser light while locating the light-converging point 
within the object and relatively moving the light-converg- 
ing point along the line along which the object is intend- 
ed to be cut; the laser processing apparatus further com- 
prising frequency calculating means for calculating, ac- 

20 cording to an inputted magnitude of distance between 
modified spots adjacent each other, the magnitude of 
repetition frequency of the pulse laser light emitted from 
the laser light source so as to attain thus inputted mag- 
nitude of distance between the modified spots adjacent 

25 each other; the frequency adjusting means adjusting the 
magnitude of repetition frequency of the pulse laser light 
emitted from the laser light source such that the magni- 
tude of frequency calculated by the frequency calculat- 
ing means is attained. 

30 [0085] According to an inputted magnitude of dis- 
tance between adjacent modified spots, the laser 
processing apparatus in accordance with this aspect of 
the present invention calculates the magnitude of a rep- 
etition frequency of the pulse laser light emitted from the 

35 laser light source such that this magnitude of distance 
is attained between the adjacent modified spots. The 
frequency adjusting means adjusts the magnitude of 
repetition frequency of the pulse laser light emitted from 
the laser light source such that the magnitude of fre- 

40 quency calculated by the frequency calculating means 
is attained. Therefore, a desirable magnitude of dis- 
tance can be attained between adjacent modified spots. 
[0086] The laser processing apparatus in accordance 
with this aspect of the present invention may further 

45 comprise frequency display means for displaying the 
magnitude of frequency calculated by the frequency cal- 
culating means. When operating the laser processing 
apparatus according to the inputted magnitude of dis- 
tance between adjacent modified spots, this allows the 

so frequency to be seen before laser processing. 

[0087] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; light-converging means for 

55 converging the pulse laser light emitted from the laser 
light source such that the pulse laser light attains a peak 
power density of at least 1 x 1 0 8 (W/cm 2 ) at a light-con- 
verging point; means for locating the light-converging 
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point of the pulse laser light converged by the light-con- 
verging means within an object to be processed; moving 
means for relatively moving the light-converging point 
of pulse laser light along a line along which the object 
is intended to be cut in the object to be processed; and 5 
speed adjusting means for adjusting the magnitude of 
relative moving speed of the light-converging point 
caused by the moving means; wherein one modified 
spot is formed within the object to be processed by irra- 
diating the object to be processed with one pulse of 
pulse laser light while locating the light-converging point 
within the object; and wherein a plurality of modified 
spots are formed along the line along which the object 
is intended to be cut within the object to be processed 
by irradiating the object to be processed with a plurality 
of pulses of pulse laser light while locating the light-con- 
verging point within the object and relatively moving the 
light-converging point along the line along which the ob- 
ject is intended to be cut; the laser processing apparatus 
further comprising speed calculating means for calcu- 
lating, according to an inputted magnitude of distance 
between modified spots adjacent each other, the mag- 
nitude of relative moving speed of the pulse laser light 
so as to attain thus inputted magnitude of distance be- 
tween the modified spots adjacent each other; the 
speed adjusting means adjusting the magnitude of rel- 
ative moving speed of the light-converging point of pulse 
laser light caused by the moving means such that the 
magnitude of relative moving speed calculated by the 
speed calculating means is attained. 
[0088] According to an inputted magnitude of dis- 
tance between adjacent modified spots, the laser 
processing apparatus in accordance with this aspect of 
the present invention calculates the magnitude of rela- 
tive moving speed of the light-converging point of pulse 
laser light caused by the moving means. The speed ad- 
justing means adjusts the magnitude of relative moving 
speed of the light-converging point of pulse laser light 
caused by the moving means such that the magnitude 
of relative moving speed calculated by the frequency 
calculating means is attained. Therefore, a desirable 
magnitude of distance can be attained between adja- 
cent modified spots. 

[0089] The laser processing apparatus in accordance 
with this aspect of the present invention may further 
comprise speed display means for displaying the mag- 
nitude of relative moving speed calculated by the speed 
calculating means. When operating the laser process- 
ing apparatus according to the inputted magnitude of 
distance between adjacent modified spots, this allows 
the relative moving speed to be seen before laser 
processing. 

[0090] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 
pulse width of 1 jis or less; frequency adjusting means 
for adjusting the magnitude of a repetition frequency of 
the pulse laser light emitted from the laser light source; 



light-converging means for converging the pulse laser 
light emitted from the laser light source such that the 
pulse laser light attains a peak power density of at least 
1 X 10 8 (W/cm 2 ) at a light-converging point; means for 
locating the light-converging point of the pulse laser light 
converged by the light-converging means within an ob- 
ject to be processed; moving means for relatively mov- 
ing, the light-converging point of pulse laser light along 
a line along which the object is intended to be cut in the 
object to be processed; and speed adjusting means for 
adjusting the magnitude of relative moving speed of the 
light-converging point caused by the moving means; 
wherein one modified spot is formed within the object to 
be processed by irradiating the object to be processed 
with one pulse of pulse laser light while locating the light- 
converging point within the object; and wherein a plural- 
ity of modified spots are formed along the line along 
which the object is intended to be cut within the object 
to be processed by irradiating the object to be processed 
with a plurality of pulses of pulse laser light while locating 
the light-converging point within the object and relatively 
moving the light-converging point along the line along 
which the object is intended to be cut; the laser process- 
ing apparatus further comprising combination calculat- 
ing means for calculating, according to an inputted mag- 
nitude of distance between modified spots adjacent 
each other, a combination of the magnitude of repetition 
frequency of the pulse laser light emitted from the laser 
light source and the magnitude of relative moving speed 
of the light-converging point of pulse laser light caused 
by the moving means so as to attain thus inputted mag- 
nitude of distance between the modified spots adjacent 
each other; the frequency adjusting means adjusting the 
magnitude of repetition frequency of the pulse laser light 
emitted from the laser light source such that the magni- 
tude of frequency calculated by the combination calcu- 
lating means is attained; the speed adjusting means ad- 
justing the magnitude of relative moving speed of the 
light-converging point of pulse laser light caused by the 
moving means such that the magnitude of relative mov- 
ing speed calculated by the combination calculating 
means is attained. 

[0091] The laser processing apparatus in accordance 
with this aspect of the present invention calculates, ac- 
cording to an inputted magnitude of distance between 
adjacent modified spots, a combination of the magni- 
tude of repetition frequency of pulse laser light and the 
relative moving speed of the light-converging point of 
pulse laser light such that thus inputted magnitude of 
distance is attained between the adjacent modified 
spots. The frequency adjusting means and speed ad- 
justing means adjust the magnitude of repetition fre- 
quency and the magnitude of relative moving speed of 
the light-converging point of pulse laser light so as to 
attain the values of calculated combination. Therefore, 
a desirable magnitude of distance can be attained be- 
tween adjacent modified spots. 
[0092] The laser processing apparatus in accordance 
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with the present invention may comprise display means 
for displaying the magnitude of frequency and magni- 
tude of relative moving speed calculated by the combi- 
nation calculating means When operating the laser 
processing apparatus according to the inputted magni- 5 
tude of distance between adjacent modified spots, this 
allows the combination of frequency and relative moving 
speed to be seen before laser processing. 
[0093] The laser processing apparatus in accordance 
with all the foregoing aspects of the present invention 
can form a plurality of modified spots along a line along 
which the object is intended to be cut within the object 
to be processed. These modified spots define a modi- 
fied region. The modified region includes at least one of 
a crack region where a crack is generated within the ob- 
ject to be processed, a molten processed region which 
is melted within the object to be processed, and a re- 
fractive index change region where refractive index is 
changed within the object to be processed. 
[0094] The laser processing apparatus in accordance 
with all the foregoing aspects of the present invention 
can adjust the distance between adjacent modified 
spots, thereby being able to form a modified region con- 
tinuously or disco ntinuo us ly along a line along which the 
object is intended to be cut. Forming the modified region 
continuously makes it easier to cut the object to be proc- 
essed while using the modified region as compared with 
the case where it is not formed continuously. When the 
modified region is formed discontinuously, the modified 
region is discontinuous along the tine along which the 
object is intended to be cut, whereby the part of the line 
along which the object is intended to be cut keeps a 
strength to a certain extent. 

[0095] (5) The laser processing method in accord- 
ance with an aspect of the present invention comprises 
a step of irradiating an object to be processed with laser 
light while locating a light-converging point of laser tight 
within the object to be processed, so as to form a mod- 
ified region caused by multiphoton absorption within the 
object along a line along which the object is intended to 
be cut in the object, and changing the position of the 
light-converging point of laser light in the direction of in- 
cidence of the laser light irradiating the object to be proc- 
essed with respect to the object to be processed, so as 
to form a plurality of modified regions aligning with each 
other along the direction of incidence. 
[0096] By changing the position of the light-converg- 
ing point of laser light irradiating the object to be proc- 
essed in the direction of incidence with respect to the 
object to be processed, the laser processing method in 
accordance with this aspect of the present invention 
forms a plurality of modified regions aligning with each 
other along the direction of incidence. This can increase 
the number of positions to become starting points when 
cutting the object to be processed. Therefore, the object 
to be processed can be cut even in the case where the 
object to be processed has a relatively large thickness 
and the like. Examples of the direction of incidence in- 



clude the thickness direction of the object to be proc- 
essed and directions orthogonal to the thickness direc- 
tion. 

[0097] The laser processing method in accordance 
with an aspect of the present invention comprises a step 
of irradiating an object to be processed with laser light 
while locating a light-converging point of laser light with- 
in the object to be processed, so as to form a modified 
region within the object along a line along which the ob- 
ject is intended to be cut in the object, and changing the 
position of the light-converging point of laser light in the 
direction of incidence of the laser light irradiating the ob- 
ject to be processed with respect to the object to be proc- 
essed, so as to form a plurality of modified regions align- 
ing with each other along the direction of incidence. The 
laser processing method in accordance with an aspect 
of the present invention comprises a step of irradiating 
an object to be processed with laser light while locating 
a light-converging point of laser light within the object to 
be processed under a condition with a peak power den- 
sity of at least 1 x to 8 (W/cm 2 ) and a pulse width of 1 
us or less at the light-converging point, so as to form a 
modified region within the object to be processed along 
a line along which the object is intended to be cut in the 
object and changing the position of the light-converging 
point of laser light in the direction of incidence of the 
laser light irradiating the object to be processed with re- 
spect to the object to be processed, so as to form a plu- 
rality of modified regions aligning with each other along 
the direction of incidence. 

[0098] For the same reason as that in the laser 
processing methods in accordance with the foregoing 
aspects of the present invention, the laser processing 
methods in accordance with these aspects of the 
present invention enable laser cutting without generat- 
ing melt or unnecessary fractures deviating from the line 
along which the object is intended to be cut in the sur- 
face of the object to be processed, and can increase the 
number of positions to become starting points when cut- 
ting the object to be processed. The modified region 
may be caused by multiphoton absorption or other rea- 
sons. 

[0099] The laser processing methods in accordance 
with these aspects of the present invention include the 
following modes: 

[01 00] A plurality of modified regions may be formed 
successively from the side fartherf rom an entrance face 
of the object to be processed on which laser light irradi- 
ating the object to be processed is incident. This can 
form a plurality of modified regions while in a state where 
no modified region exists between the entrance face 
and the light-converging point of laser light. Therefore, 
the laser light will not be scattered by modified regions 
which have already been formed, whereby each modi- 
fied region can be. formed uniformly. 
[01 01 ] The modified region includes at least one of a 
crack region where a crack is generated within the ob- 
ject to be processed, a molten processed region which 
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is melted within the object to be processed, and a re- 
fractive index change region where refractive index is 
changed within the object to be processed. 
[0102] (6) The laser processing method in accord- 
ance with an aspect of the present invention comprises 
a step of irradiating an object to be processed with laser 
light while locating a light-converging point of laser light 
within the object to be processed through a light en- 
trance face of the laser light with respect to the object 
to be processed and locating the light-converging point 
at a position closer to or farther from the entrance face 
than is a half thickness position in the thickness direction 
of the object to be processed, so as to form a modified 
region within the object along a line along which the ob- 
ject is intended to be cut in the object. 
[01 03] In the laser processing method in accordance 
with the present invention, the modified region is formed 
on the entrance face (e.g., surface) and on the side of 
the face (e.g., rear face) opposing the entrance face 
within the object to be processed within the object to be 
processed when the light-converging point of laser light 
is located at a position closer to and farther from the 
entrance face than is a half thickness position in the 
thickness direction, respectively. When a fracture ex- 
tending along a line along which the object is intended 
to be cut is generated on the surface or rear face of an 
object to be processed, the object can be cut easily. The 
laser processing method in accordance with this aspect 
of the present invention can form a modified region on 
the surface or rear face side within the object to be proc- 
essed. This can make it easier to form the surface or 
rear face with a fracture extending along the line along 
which the object is intended to be cut, whereby the ob- 
ject to be processed can be cut easily. As a result, the 
laser processing method in accordance with this aspect 
of the present invention enables efficient cutting. 
[0104] The laser processing method in accordance 
with this aspect of the present invention may be config- 
ured such that the entrance face is formed with at least 
one of an electronic device and an electrode pattern, 
whereas the light-converging point of laser light irradi- 
ating the object to be processed is located at a position 
closer to the entrance face than is the half thickness po- 
sition in the thickness direction. The laser processing 
method in accordance with this aspect of the present 
invention grows a crack from the modified region toward 
the entrance face (e.g., surface) and its opposing face 
(e.g., rear face), thereby cutting the object to be proc- 
essed. When the modified region is formed on the en- 
trance face side, the distance between the modified re- 
gion and the entrance face is relatively short, so that the 
deviation in the growth direction of crack can be made 
smaller. Therefore, when the entrance face of the object 
to be processed is formed with an electronic device or 
an electrode pattern, cutting is possible without damag- 
ing the electronic device or the like. The electronic de- 
vice refers to a semiconductor device, a display device 
such as liquid crystal, a piezoelectric device, or the like. 



[0105] The laser processing method in accordance 
with an aspect of the present invention comprises a first 
step of irradiating an object to be processed with pulse 
laser light while locating a light-converging point of the 

5 pulse laser light within the object, so as to form a first 
modified region caused by muitiphoton absorption with- 
in the object along a first line along which the object is 
intended to be cut in the object; and a second step of 
irradiating, after the first step, the object with pulse laser 

10 light while locating the light-converging point of laser 
light at a position different from the light-converging 
point of laser light in the first step in the thickness direc- 
tion of the object to be processed within the object, so 
as to form a second modified region caused by multi- 

15 photon absorption extending along a second line along 
which the object is intended to be cut and three-dimen- 
sionally crossing the first modified region within the ob- 
ject. 

[0106] In a cutting process in which cross sections of 

20 an object to be processed cross each other, a modified 
region and another modified region are not superposed 
on each other at a location to become the crossing po- 
sition between the cross sections in the laser processing 
method in accordance with this aspect of the present 

25 invention, whereby the cutting precision at the crossing 
position can be prevented from deteriorating. This ena- 
bles cutting with a high precision. 
[0107] The laser processing method in accordance 
with this aspect of the present invention can form the 

30 second modified region closer to the entrance face of 
the object to be processed with respect to the laser light 
than is the first modified region. This keeps the laser 
light irradiated at the time of forming the second modi- 
fied region at the location to become the crossing posi- 

35 tion from being scattered by the first modified region, 
whereby the second modified region can be formed uni- 
formly. 

[0108] The laser processing methods in accordance 
with the foregoing aspects of the present invention ex- 

^0 plained in the foregoing have the following modes: 
[01 09] When the object to be processed is irradiated 
with laser light under a condition with a peak power den- 
sity of at least 1 x 10 8 (W/cm 2 ) and a pulse width of 1 
us or less at the light-converging point, a modified region 

45 including a crack region can be formed within the object 
to be processed. This generates a phenomenon of an 
optical damage caused by muitiphoton absorption with- 
in the object to be processed. This optical damage in- 
duces a thermal distortion within the object to be proc- 

50 essed, thereby forming a crack region within the object 
to be processed. This crack region is an example of the 
above-mentioned modified region. An example of the 
object to be processed in this laser processing method 
is a member including glass. The peak power density 

55 refers to the electric field intensity of pulse laser light at 
the light-converging point. 

[0110] When the object to be processed is irradiated 
with laser tight under a condition with a peak power den- 



16 



31 



EP 1 338 371 A1 



32 



sity of at least 1 x 10 8 (W/cm 2 ) and a pulse width of 1 
(is or less atthe light-converging point, a modified region 
including a molten processed region can be formed 
within the object to be processed. Here, the inside of the 
object to be processed is locally heated by multiphoton 
absorption. This heating forms a molten processed re- 
gion within the objectto be processed. This molten proc- 
essed region is an example of the above-mentioned 
modified region. An example of the object to be proc- 
essed in this laser processing method is a member in- 
cluding a semiconductor material. 
[01 1 1 J When the object to be processed is irradiated 
with laser light under a condition with a peak power den- 
sity of at least 1 x 10 8 (W/cm 2 ) and a pulse width of 1 
ns or less at the light-converging point, a modified region 
including a refractive index change region which is a re- 
gion with a changed refractive index can also be formed 
within the objectto be processed. When multiphoton ab- 
sorption is generated within the object to be processed 
with a very short pulse width as such , the energy caused 
by multiphoton absorption is not transformed into ther- 
mal energy, so that a permanent structural change such 
as ionic valence change, crystallization, or polarization 
orientation is induced within the object, whereby a re- 
fractive index change region is formed. This refractive 
index change region is an example of the above-men- 
tioned modified region. An example of the object to be 
processed in this laser processing method is a member 
including glass. 

[01 1 2] Adjustment of the position of the light-converg- 
ing point of laser light irradiating the object to be proc- 
essed in the thickness direction can include a first cal- 
culating step of defining a desirable position in the thick- 
ness direction of the light-converging point of laser light 
irradiating the object to be processed as a distance from 
the entrance face to the inside and dividing the distance 
by the refractive index of the objectto be processed with 
respect to the laser light irradiating the object, so as to 
calculate data of a first relative movement amount of the 
object in the thickness direction; a second calculating 
step of calculating data of a second relative movement 
amount of the object in the thickness direction required 
for positioning the light-converging point of laser light 
irradiating the object to be processed at the entrance 
face; a first moving step of relatively moving the object 
in the thickness direction according to the data of sec- 
ond relative movement amount; and a second moving 
step of relatively moving the object in the thickness di- 
rection according to the data of first relative movement 
amount after the first moving step. This adjusts the po- 
sition of the light-converging point of laser light in the 
thickness direction of the object to be processed at a 
predetermined position within the object. Namely, with 
reference to the entrance face, the product of the rela- 
tive movement amount of the object to be processed in 
the thickness direction of the object and the refractive 
index of the object with respect to the laser light irradi- 
ating the object becomes the distance from the entrance 



face to the light-converging point of laser light. There- 
fore, when the object to be processed is moved by the 
relative movement amount obtained by dividing the dis- 
tance from the entrance to the inside of the object by the 

5 above-mentioned refractive index, the light-converging 
point of laser light can be aligned with a desirable posi- 
tion in the thickness direction of the object. 
[01 1 3] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 

10 ser light source for emitting pulse laser light having a 
pulse width of 1 us or less; light-converging means for 
converging the pulse laser light emitted from the laser 
light source such that the pulse laser light attains a peak 
power density of at least 1 x 1 0 8 (W/cm 2 ) at a light-con- 

15 verging point; first moving means for relatively moving 
the light-converging point converged by the light-con- 
verging means along a line along which the object is in- 
tended to be cut in an object to be processed; storing 
means for storing data of a first relative movement 

20 amount of the object to be processed in the thickness 
direction for locating the light-converging position of 
pulse laser light converged by the light-converging 
means at a desirable position within the object to be 
processed, the data of first relative movement amount 

25 being obtained by defining the desirable position as a 
distance from the entrance face where the pulse laser 
light emitted from the laser light source enters the object 
to be processed to the inside thereof and dividing the 
distance by the refractive in dex of the object to be proc- 

30 essed with respect to the pulse laser light emitted from 
the laser light source; calculating means for calculating 
data of a second relative movement amount of the ob- 
ject to be processed in the thickness direction required 
for locating the light-converging point of the pulse laser 

35 light converged by the light-converging means atthe en- 
trance face; and second moving means for relatively 
moving the object to be processed in the thickness di- 
rection according to the data of first relative movement 
amount stored by the storage means and the data of 

40 second relative movement amount calculated by the 
calculating means. 

[01 1 4] The laser processing apparatus in accordance 
with an aspect of the present invention comprises a la- 
ser light source for emitting pulse laser light having a 

45 pulse width of 1 us or less; light-converging means for 
converging the pulse laser light emitted from the laser 
light source such that the pulse laser light attains a peak 
power density of at least 1 x 1 0 8 (W/cm 2 ) at a light-con- 
verging point; means for locating the light-converging 

so point of the pulse laser light emitted from the laser light 
source within an object to be processed; means for ad- 
justing the position of the pulse laser light converged by 
the light-converging means within the thickness of the 
object to be processed; and moving means for relatively 

55 moving the light-converging point of pulse laser light 
along a line along which the object is intended to be cut 
in the object to be processed. 

[0115] For the same reason as that in the laser 
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processing methods in accordance with the above-men- 
tioned aspects of the present invention, the laser 
processing apparatus in accordance with these aspects 
of the present invention enable laser processing without 
generating melt or unnecessary fractures deviating from 5 
the line along which the object is intended to be cut in 
the surface of the object to be processed, and laser 
processing in which the position of the light-converging 
point of pulse laser light is regulated in the thickness 
direction of the object to be processed within the object. 10 

Brief Description of the Drawings 

[0116] 

Fig. 1 is a plan view of an object to be processed 
during laser processing by the laser processing 
method in accordance with an embodiment; 
Fig. 2 is a sectional view of the object to be proc- 
essed shown in Fig. 1 taken along the line ll-ll; 
Fig. 3 is a plan view of the object to be processed 
after laser processing effected by the laser process- 
ing method in accordance with the embodiment; 
Fig. 4 is a sectional view of the object to be proc- 
essed shown in Fig. 3 taken along the line IV-IV; 
Fig. 5 is a sectional view of the object to be proc- 
essed shown in Fig. 3 taken along the line V-V; 
Fig. 6 is a plan view of the object to be processed 
cut by the laser processing method in accordance 
with the embodiment; 

Fig. 7 is a graph showing relationships between the 
electric field intensity and the magnitude of crack in 
the laser processing method in accordance with the 
embodiment; 

Fig. 8 is a sectional view of the object to be proc- 
essed in a first step of the laser processing method 
in accordance with the embodiment; 
Fig. 9 is a sectional view of the object to be proc- 
essed in a second step of the laser processing 
method in accordance with the embodiment; 
Fig. 1 0 is a sectional view of the object to be proc- 
essed in a third step of the laser processing method 
in accordance with the embodiment; 
Fig. 11 is a sectional view of the object to be proc- 
essed in a fourth step of the laser processing meth- 
od in accordance with the embodiment; 
Fig. 12 is a view shoring a photograph of a cross 
section in a part of a silicon wafer cut by the laser 
processing method in accordance with the embod- 
iment; 

Fig. 13 is a graph showing relationships between 
the laser light wavelength and the transmittance 
within a silicon substrate in the laser processing 
method in accordance with the embodiment; 
Fig. 1 4 is a schematic diagram of a laser processing 
apparatus usable in the laser processing method in 
accordance with a first example of the embodiment; 
Fig. 15 is a flowchart for explaining the laser 



processing method in accordance with the first ex- 
ample of the embodiment; 
Fig. 1 6 is a plan view of an object to be processed 
for explaining a pattern which can becut by the laser 
processing method in accordance with the first ex- 
ample of the embodiment; 
Fig. 17 is a schematic view for explaining the laser 
processing method in accordance with the first ex- 
ample of the embodiment with a plurality of laser 
light sources; 

Fig. 18 is a schematic view for explaining another 
laser processing method in accordance with the first 
example of the embodiment with a plurality of laser 
light sources; 

Fig. 1 9 is a schematic plan view showing a piezoe- 
lectric device wafer in a state held by a wafer sheet 
in the second example of the embodiment; 
Fig. 20 is a schematic sectional view showing a pi- 
ezoelectric device wafer in a state held by the wafer 
sheet in the second example of the embodiment; 
Fig. 21 is a flowchart for explaining the cutting meth- 
od in accordance with the second example of the 
embodiment; 

Fig. 22 is a sectional view of a light-transmitting ma- 
terial irradiated with laser light by the cutting method 
in accordance with the second example of the em- 
bodiment; 

Fig. 23 is a plan view of the light-transmitting mate- 
rial irradiated with laser light by the cutting method 
in accordance with the second example of the em- 
bodiment; 

Fig. 24 is a sectional view of the light-transmitting 
material shown in Fig. 23 taken along the line XX- 
IV-XXIV; 

Fig. 25 is a sectional view of the light-transmitting 
material shown in Fig. 23 taken along the line 
XXV-XXV; 

Fig. 26 is a sectional view of the light-transmitting 
material shown in Fig. 23 taken along the line 
XXV-XXV when the light-converging point moving 
speed is made lower; 

Fig. 27 is a sectional view of the light-transmitting 
material shown in Fig. 23 taken along the line 
XXV-XXV when the light-converging point moving 
speed is made further lower; 
Fig. 28 is a sectional view of a piezoelectric device 
wafer or the like showing a first step of the cutting 
method in accordance with the second example of 
the embodiment; 

Fig. 29 is a sectional view of the piezoelectric device 
wafer or the like showing a second step of the cut- 
ting method in accordance with the second example 
of the embodiment; 

Fig. 30 is a sectional view of the piezoelectric device 
wafer or the like showing a third step of the cutting 
method in accordance with the second example of 
the embodiment; 

Fig. 31 is a sectional view of the piezoelectric device 



20 



25 



30 



35 



40 



45 



50 



18 



35 



EP 1338 371 A1 



36 



wafer or the like showing a fourth step of the cutting 
method in accordance with the second example of 
the embodiment; 

Fig. 32 is a sectional view of the piezoelectric device 
wafer or the like showing a fifth step of the cutting 5 
method in accordance with the second example of 
the embodiment; 

Fig. 33 is a view showing a photograph of a plane 
of a sample within which a crack region is formed 
upon irradiation with linearly polarized pulse laser 10 
light; 

Fig. 34 is a view showing a photograph of a plane 
of a sample within which a crack region is formed 
upon irradiation with circularly polarized pulse laser 
light; 15 
Fig. 35 is a sectional view of the sample shown in 
Fig. 33 taken along the line XXXV-XXXV; 
Fig. 36 is a sectional view of the sample shown in 
Fig. 34 taken along the line XXXVI-XXXVI; 
Fig. 37 is a plan view of the part of object to be proc- 20 
essed extending along a line along which the object 
is intended to be cut, in which a crack region is 
formed by the laser processing method in accord- 
ance with a third example of the embodiment; 
Fig. 38 is a plan view of the part of object to be proc* 25 
essed extending along a line along which the object 
is intended to be cut, in which a crack region is 
formed by a comparative laser processing method; 
Fig. 39 Is a view showing elliptical ly polarized laser 
light in accordance with the third example of the em- 30 
bodiment, and a crack region formed thereby; 
Fig. 40 is a schematic diagram of the laser process- 
ing apparatus in accordance with the third example 
of the embodiment; 

Fig. 41 is a perspective view of a quarter-wave plate 35 
included in an ellipticity regulator in accordance with 
the third example of the embodiment; 
Fig. 42 is a perspective view of a half-wave plate 
included in a 90° rotation regulator part in accord- 
ance with the third example of the embodiment; 40 
Fig. 43 is a flowchart for explaining the laser 
processing method in accordance with the third ex- 
ample of the embodiment; 
Fig. 44 is a plan view of a silicon wafer irradiated 
with, elliptically . polarized laser light by the laser 45 
processing method in accordance with the third ex- 
ample of the embodiment; 
Fig. 45 is a plan view of a silicon wafer irradiated 
with linearly polarized laser light by the laser 
processing method in accordance with the third ex- so 
ample of the embodiment; 
Fig. 46 is a plan view of a silicon wafer in which the 
silicon wafer shown in Fig. 44 is irradiated with el- 
liptically polarized laser light by the laser processing 
method in accordance with the third example of the 55 
embodiment; 

Fig. 47 is a plan view of a silicon wafer in which the 
silicon wafer shown in Fig. 45 is irradiated with lin- 



early polarized laser light by the laser processing 
method in accordance with the third example of the 
embodiment; 

Fig. 48 is a schematic diagram of the laser process- 
ing apparatus in accordance with a fourth example 
of the embodiment; 

Fig. 49 is a plan view of a silicon wafer in which the 
silicon wafer shown in Fig. 44 is irradiated with el- 
liptically polarized laser light by the laser processing 
method in accordance with the fourth example of 
the embodiment; 

Fig. 50 is a plan view of the object to be processed 
in the case where a crack spot Is formed relatively 
large by using the laser processing method in ac- 
cordance with a fifth example of the embodiment; 
Fig. 51 is a sectional view taken along LI-LI on the 
line along which the object is intended to be cut 
shown in Fig. 50; 

Fig. 52 is a sectional view taken along LI I- LI I orthog- 
onal to the line along which the object is intended 
to be cut shown in Fig. 50; 
Fig. 53 is a sectional view taken along LIII-LIII or- 
thogonal to the line along which the object is intend- 
ed to be cut shown in Fig. 50; 
Fig. 54 is a sectional view taken along LIV-LIV or- 
thogonal to the line along which the object is intend- 
ed to be cut shown in Fig. 50; 
Fig. 55 is a plan view of the object to be processed 
shown in Fig. 50 cut along the line along which the 
object is intended to be cut; 
Fig. 56 is a sectional view of the object to be proc- 
essed taken along the line along which the object 
is intended to be cut in the case where a crack spot 
is formed relatively small by using the laser 
processing method in accordance with the fifth ex- 
ample of the embodiment; 
Fig. 57 is a plan view of the object to be processed 
shown in Fig. 56 cut along the line along which the 
object is intended to be cut; 
Fig. 58 is a sectional view of the object to be proc- 
essed showing a state where pulse laser light is 
converged within the object by using a light-con- 
verging lens having a predetermined numerical ap- 
erture; 

Fig. 59 is a sectional view of the object to be proc- 
essed including a crack spot formed due to the mul- 
tiphoton absorption caused by irradiation with laser 
light shown in Fig. 58; 

Fig. 60 is a sectional view of the object to be proc- 
essed In the case where a light-converging lens 
having a numerical aperture greater than that of the 
example shown in Fig. 58 is used; 
Fig. 61 is a sectional view of the object to be proc- 
essed including a crack spot formed due to the mul- 
tiphoton absorption caused by irradiation with laser 
light shown in Fig. 60; 

Fig. 62 is a sectional view of the object to be proc- 
essed in the case where pulse laser light haying a 
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power lower than that of the example shown in Fig. 
58 is used; 

Fig. 63 is a sectional view of the object to be proc- 
essed including a crack spot formed due to the mul- 
tiphoton absorption caused by irradiation with laser 5 
light shown in Fig. 62; 

Fig. 64 is a sectional view of the object to be proc- 
essed in the case where pulse laser light having a 
power lower than that of the example shown in Fig. 
60 is used; io 
Fig. 65 is a sectional view of the object to be proc- 
essed including a crack spot formed due to the mul- 
tiphoton absorption caused by irradiation with laser 
light shown in Fig. 64; 

Fig. 66 is a sectional view taken along LXVI-LXVI 15 
orthogonal to the line along which the object is in- 
tended to be cut shown in Fig. 57; 
Fig. 67 is a schematic diagram showing the laser 
processing apparatus in accordance with the fifth 
example of the embodiment; 20 
Fig. 68 is a block diagram showing a part of an ex- 
ample of overall controller provided in the laser 
processing apparatus in accordance with the fifth 
example of the embodiment; 

Fig. 69 is a view showing an example of table of a 25 
correlation storing section included in the overall 
controller of the laser processing apparatus in ac- 
cordance with the fifth example of the embodiment; 
Fig. 70 is a view showing another example of the 
table of the correlation storing section included in 30 
the overall controller of the laser processing appa- 
ratus in accordance with the fifth example of the em- 
bodiment; 

Fig. 71 is a view showing still another example of 
the table of the correlation storing section included 35 
in the overall controller of the laser processing ap- 
paratus in accordance with the fifth example of the 
embodiment; 

Fig. 72 is a schematic diagram of the laser process- 
ing apparatus in accordance with a sixth example *o 
of the embodiment; 

Fig. 73 is a view showing the convergence of laser 
light caused by a light-converging lens in the case 
where no beam expander is disposed; 
Fig. 74 is a view showing the convergence of laser 
light caused by the light-converging lens in the case 
where a beam expander is disposed; 
Fig. 75 is a schematic diagram of the laser process- 
ing apparatus in accordance with a seventh exam- 
ple of the embodiment; so 
Fig. 76 is a view showing the convergence of laser 
light caused by the light-converging lens in the case 
where no iris diaphragm is disposed; 
Fig . 77 is a view showing the convergence of laser 
light caused by the light-converging lens in the case 55 
where an iris diaphragm is disposed; 
Fig. 78 is a block diagram showing an example of 
overall controller provided in a modified example of 



the laser processing apparatus in accordance with 
the embodiment; 

Fig. 79 is a block diagram of another example of 
overall controller provided in the modified example 
of the laser processing apparatus in accordance 
with the embodiment; 

Fig. 80 is a block diagram of still another example 
of overall controller provided in the modified exam- 
ple of the laser processing apparatus in accordance 
with the embodiment; 

Fig. 81 is a plan view of an example of the part of 
object to be processed extending along a line along 
which the object is intended to be cut, in which a 
crack region is formed by the laser processing 
method in accordance with an eighth example of the 
embodiment; 

Fig. 82 is a plan view of another example of the part 
of object to be processed extending along the line 
along which the object is intended to be cut, in which 
a crack region is formed by the laser processing 
method in accordance with the eighth example of 
the embodiment; 

Fig. 83 is a plan view of still another example of the 
part of object to be processed extending along the 
line along which the object is intended to be cut, in 
which a crack region is formed by the laser process- 
ing method in accordance with the eighth example 
of the embodiment; 

Fig. 84 is a schematic diagram of a Q-switch laser 
provided in a laser light source of the laser process- 
ing apparatus in accordance with the eighth exam- 
ple of the embodiment; 

Fig. 85 is a block diagram showing a part of an ex- 
ample of overall controller of the laser processing 
apparatus in accordance with the eighth example 
of the embodiment; 

Fig. 86 is a block diagram showing a part of another 
example of overall controller of the laser processing 
apparatus in accordance with the eighth example 
of the embodiment; 

Fig. 87 is a block diagram showing a part of still an- 
other example of overall controller of the laser 
processing apparatus in accordance with the eighth 
example of the embodiment; 
Fig. 88 is a block diagram showing a part of still an- 
other example of overall controller of the laser 
processing apparatus in accordance with the eighth 
example of the embodiment; 
Fig. 89 is a perspective view of an example of the 
object to be processed within which a crack region 
is formed by using the laser processing method in 
accordance with a ninth example of the embodi- 
ment; 

Fig. 90 is a perspective view of the object to be proc- 
essed formed with a crack extending from the crack 
region shown in Fig. 89; 

Fig. 91 is a perspective view of another example of 
the object to be processed within which a crack re- 
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gion is formed by using the laser processing method 
in accordance with the ninth example of the embod- 
iment; 

Fig. 92 is a perspective view of still another example 
of the object to be processed within which a crack 
region is formed by using the laser processing 
method in accordance with the ninth example of the 
embodiment; 

Fig. 93 is a view showing the state where a light- 
converging point of laser light is positioned on the 
surface of the object to be processed; 
Fig. 94 is a view showing the state where a light- 
converging point of laser light is positioned within 
the object to be processed; 
Fig. 95 is a flowchart for explaining the laser 
processing method in accordance with the ninth ex- 
ample of the embodiment; 
Fig. 96 is a perspective view of an example of the 
object to be processed within which a crack region 
is formed by using the laser processing method in 
accordance with a tenth example of the embodi- 
ment; 

Fig. 97 is a partly sectional view of the object to be 
processed shown in Fig. 96; 
Fig. 98 is a perspective view of another example of 
the object to be processed within which a crack re- 
gion is formed by using the laser processing method 
in accordance with the tenth example of the embod- 
iment; 

Fig. 99 is a partly sectional view of the object to be 
processed shown in Fig. 98; and 
Fig. 100 is a perspective view of still another exam- 
ple of the object to be processed within which a 
crack region is formed by using the laser processing 
method in accordance with the tenth example of the 
embodiment. 

Best Modes for Carrying Out the Invention 

[0117] In the following, a preferred embodiment of the 
present invention will be explained with reference to the 
drawings. The laser processing method and laser 
processing apparatus in accordance with this embodi- 
ment form a modified region by multiphoton absorption. 
The multiphoton absorption is a phenomenon occurring 
when the intensity of laser light is made very high. First, 
the multiphoton absorption will be explained in brief. 
[0118] A material becomes optically transparent 
when the energy hv of a photon is lower than the band 
gap E G of absorption of the material. Therefore, the con- 
dition under which absorption occurs in the material is 
hv > Eq. Even when optically transparent, however, ab- 
sorption occurs in the material under the condition of 
nhv > E G (n = 2, 3, 4, ...) when the intensity of laser light 
is made very high. This phenomenon is known as mul- 
tiphoton absorption. In the case of pulse wave, the in- 
tensity of laser light is determined by the peak power 
density (W/cm 2 ) of laser light at the light-converging 



point, whereas the multiphoton absorption occurs under 
the condition with a peak power density of at least 1 x 
10 8 (W/cm 2 ), for example. The peak power density is 
determined by (energy of laser light at the light-converg- 

s ing point per pulse)/(beam spot cross-sectional area of 
laser light x pulse width). In the case of a continuous 
wave, the intensity of laser light is determined by the 
electric field intensity (W/cm 2 ) of laser light at the light- 
converging point. 

10 [0119] The principle of laser processing in accord- 
ance with the embodiment utilizing such multiphoton ab- 
sorption will now be explained with reference to Figs. 1 
to 6. Fig. 1 is a plan view of an object to be processed 
1 during laser processing. Fig. 2 is a sectional view of 

is the object 1 shown in Fig. 1 taken along the line ll-IJ. 
Fig. 3 is a plan view of the object 1 after laser processing. 
Fig. 4 is a sectional view of the object 1 shown in Fig. 3 
taken along the line IV-IV. Fig. 5 is a sectional view of 
the object 1 shown in Fig. 3 taken along the line V-V. 

20 Rg. 6 is a plan view of the cut object 1 . 

[0120] As shown in Figs. 1 and 2, the object 1 has a 
surface 3 with a line along which the object is intended 
to be cut 5. The line along which the object is intended 
to be cut 5 is a linearly extending virtual line. In the laser 

25 processing in accordance with this embodiment, the ob- 
ject 1 is irradiated with laser light L white locating a light- 
converging point P with in the object 1 under a condition 
generating multiphoton absorption, so as to form a mod- 
ified region 7. The light-converging point refers to a lo- 

30 cation at which the laser light L is converged. 

[0121] By relatively moving the laser light L along the 
line along which the object is intended to be cut 5 (i.e., 
along the direction of arrow A), the light-converging 
point P is moved along the line along which the object 

35 is intended to be cut 5. This forms the modified region 
7 along the line along which the object is intended to be 
cut 5 only within the object 1 as shown in Figs. 3 to 5. 
In the laser processing method in accordance with this 
embodiment, the modified region 7 is not formed by 

40 heating the object 1 due to the absorption of laser light 
L therein. The laser light L is transmitted through the 
object 1, so as to generate multiphoton absorption 
therewithin, thereby forming the modified region 7. 
Therefore, the laser light L is hardly absorbed at the sur- 

45 face 3 of the object 1 , whereby the surface 3 of the object 
1 will not melt. 

[01 22] If a starting point exists in a part to be cut when 
cutting the object 1 , the object 1 will break from the start- 
ing point, whereby the object 1 can be cut with a rela- 

50 tively small force as shown in Fig. 6. Hence, the object 
1 can be cut without generating unnecessary fractures 
in the surface 3 of the object 1 . 
[0123] The following two cases seem to exist in the 
cutting of the object to be processed using the modified 

55 region as a starting point. The first case is where, after 
the modified region is formed, an artificial force is ap- 
plied to the object, whereby the object breaks while us- 
ing the modified region as a starting point, and thus is 
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cut. This is cutting in the case where the object to be 
processed has a large thickness, for example. Applying 
an artificial force includes, for example, applying a bend- 
ing stress or shearing stress to the object along the line 
along which the object is intended to be cut in the object 
to be processed or imparting a temperature difference 
to the object so as to generate a thermal stress. Another 
case is where a modified region is formed, so that the 
object naturally breaks in the cross-sectional direction 
(thickness direction) of the object while using the mod- 
ified region as a starting point, whereby the object is cut. 
This can be achieved by a single modified region when 
the thickness of the object is small, and by a plurality of 
modified regions formed in the thickness direction when 
the thickness of the object to be processed is targe. 
Breaking and cutting can be carried out with favorable 
control even in this naturally breaking case, since 
breaks will not reach the part formed with no modified 
region on the surface in the part to be cut, so that only 
the part formed with the modified region can be broken 
and cut. Such a breaking and cutting method with favo- 
rable controllability is quite effective, since semiconduc- 
tor wafers such as silicon wafers have recently been 
prone to decrease their thickness. 
[0124] The modified region formed by multiphoton ab- 
sorption in this embodiment includes the following (1 ) to 
(3): 

(1) Case where the modified region is a crack region 
including one or a plurality of cracks 

[01 25] An object to be processed (e.g., glass or a pi- 
ezoelectric material made of LiTaOa) is irradiated with 
laser light while the light-converging point is located 
therewithin under a condition with a peak power density 
of at least 1 x 1 0 8 (W/cm 2 ) and a pulse width of 1 us or 
less at the light-converging point. This magnitude of 
pulse width is a condition under which a crack region 
can be formed only within the object to be processed 
while generating multiphoton absorption without caus- 
ing unnecessary damages to the surface of the object. 
This generates a phenomenon of optical damage 
caused by multiphoton absorption within the object to 
be processed. This optical damage induces thermal dis- 
tortion within the object to be processed, thereby form- 
ing a crack region therewithin. The upper limit of electric 
field intensity is 1 x 10 12 (W/cm 2 ), for example. The 
pulse width is preferably 1 ns to 200 ns, for example. 
The forming of a crack region caused by multiphoton 
absorption is described, for example, in "Internal Mark- 
ing of Glass Substrate by Solid-state Laser Harmonics D , 
Proceedings of 45th Laser Materials Processing Con- 
ference (December 1998), pp. 23-28. 
[0126] The inventor determined relationships be- 
tween the electric field intensity and the magnitude of 
crack by an experiment. Conditions for the experiment 
are as follows: 



(A) Object to be processed: Pyrex glass (having a 
thickness of 700 ujti) 

(B) Laser 

Light source: semiconductor laser pumping 
5 Nd:YAG laser 

Wavelength: 1064 nm 

Laser light spot cross-sectional area: 3.14 x 
lO^cm 2 

Oscillation mode: Q-switch pulse 
10 Repetition frequency: 1 00 kHz 

Pulse width: 30 ns 

Output: output < 1 mJ/pulse 

Laser light quality: TEMqq 

Polarization characteristic: linear polarization 
is (C) Light-converging lens 

Transmittance with respect to laser light 
wavelength: 60% 

(D) Moving speed of a mounting table mounting the 
object to be processed: 1 00 mm/sec 

20 

[0127] The laser light quality of TEMqq indicates that 
the light convergence is so high that light can be con- 
verged up to about the wavelength of laser light. 
[0128] Fig. 7 is a graph showing the results of the 

25 above-mentioned experiment. The abscissa indicates 
peak power density. Since laser light is pulse laser light, 
its electric field intensity is represented by the peak pow- 
er density. The ordinate indicates the size of a crack part 
(crack spot) formed within the object to be processed by 

30 one pulse of laser light. An assembly of crack spots 
forms a crack region. The size of a crack spot refers to 
that of the part of dimensions of the crack spot yielding 
the maximum length. The data indicated by black circles 
in the graph refers to a case where the light-converging 

35 glass (C) has a magnification of x100 and a numerical 
aperture (NA) of 0.80. On the other hand, the data indi- 
cated by white circles in the graph refers to a case where 
the light-converging glass (C) has a magnification of x50 
and a numerical aperture (NA) of 0.55. It is seen that 

40 crack spots begin to occur within the object to be proc- 
essed when the peak power density reaches 10 11 (W/ 
cm 2 ), and become greater as the peak power density 
increases. 

[0129] A mechanism by which the object to be proc- 
45 essed is cut upon formation of a crack region in the laser 
processing in accordance with this embodiment will now 
be explained with reference to Figs. 8 to 11 . As shown 
in Fig. 8, the object to be processed 1 is irradiated with 
laser light L while locating the light-converging point P 
so within the object 1 under a condition where multiphoton 
absorption occurs, so as to form a crack region 9 there- 
within. The crack region 9 is a region including one or a 
plurality of cracks. As shown in Fig. 9, the crack further 
grows while using the crack region 9 as a starting point. 
55 As shown in Fig. 10, the crack reaches the surface 3 
and rear face 21 of the object 1 . As shown in Fig. 11 , 
the object 1 breaks, so as to be cut. The crack reaching 
the surface and rear face of the object to be processed 
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may grow naturally or grow as a force is applied to the 
object. 

(2) Case where the modified region is a molten 
processed region 

[0130] An objectto be processed (e.g., a semiconduc- 
tor material such as silicon) is irradiated with laser light 
while the light-converging point is located therewithin 
under a condition with a peak power density of at least 
1 x lO^fW/cm 2 ) and a pulse width of 1 us or less at the 
light-converging point. As a consequence, the inside of 
the objectto be processed is locally heated by multipho- 
ton absorption. This heating forms a molten processed 
region within the object to be processed. The molten 
processed region refers to at least one of a region once 
melted and then re-solidified, a region in a melted state, 
and a region in the process of re-solidifying from its melt- 
ed state. The molten processed region may also be de- 
fined as a phase-changed region or a region having 
changed its crystal structure. The molten processed re- 
gion may also be regarded as a region in which a certain 
structure has changed into another structure in monoc- 
rystal, amorphous, and polycrystal structures. Namely, 
it refers to a region in which a monocrystal structure has 
changed into an amorphous structure, a region in which 
a monocrystal structure has changed into a polycrystal 
structure, and a region in which a monocrystal structure 
has changed into a structure including an amorphous 
structure and a polycrystal structure, for example. When 
the objectto be processed is a silicon monocrystal struc- 
ture, the molten processed region is an amorphous sil- 
icon structure, for example. The upper limit of electric 
field intensity is 1 x 10 12 (W/cm 2 ), for example. The 
pulse width is preferably 1 ns to 200 ns, for example. 
[01 31 ] By an experiment, the inventor has verified that 
a molten processed region is formed within a silicon wa- 
fer. Conditions for the experiment is as follows: 

(A) Object to be processed: silicon wafer (having a 
thickness of 350 urn and an outer diameter of 4 inch- 
es) 

(B) Laser 

Light source: semiconductor laser pumping 
Nd:YAG laser 

Wavelength: 1064 nm 

Laser light spot cross-sectional area: 3.14 x 
10- 8 cm 2 

Oscillation mode: Q-switch pulse 

Repetition frequency: 100 kHz 

Pulse width: 30 ns 

Output: 20 nJ/pulse 

Laser light quality: TEMqq 

Polarization characteristic: linear polarization 

(C) Light-converging lens 

Magnification: x50 
NA: 0.55 

Transmrttance with respect to laser light 



wavelength: 60% 

(D) Moving speed of a mounting table mounting the 
object to be processed: 1 00 mm/sec 

5 [0132] Fig. 12 is a view showing a photograph of a 
cross section in a part of a silicon wafer cut by laser 
processing under the above-mentioned conditions. A 
molten processed region 13 is formed within a silicon 
wafer 11. The size of the molten processed region 

10 formed under the above-mentioned conditions is about 
100 nm in the thickness direction. 
[01 33] The forming of the molten processed region 1 3 
by multiphoton absorption will be explained. Fig. 13 is a 
graph showing relationships between the wavelength of 

'5 laser light and the transmrttance within the silicon sub- 
strate. Here, respective reflecting components on the 
surface and rear face sides of the silicon substrate are 
eliminated, whereby only the transmrttance therewithin 
is represented. The above-mentioned relationships are 

20 shown in the cases where the thickness t of the silicon 
substrate is 50 um, 1 00 ujti, 200 nm, 500 jim, and 1 000 
jim, respectively. 

[01 34] For example, it is seen that laser light transmits 
through the silicon substrate by at least 80°X at 1064 

25 nm, which is the wavelength of Nd:YAG laser, when the 
silicon substrate has a thickness of 500 \im or less. 
Since the silicon wafer 11 shown in Fig. 12 has a thick- 
ness of 350 um, the molten processed region caused 
by multiphoton absorption is formed near the center of 

30 the silicon wafer, i.e., at a part separated from the sur- 
face by 175 iim. The transmrttance in this case is 90% 
or greater with reference to a silicon wafer having a 
thickness of 200 ^m, whereby the laser light is absorbed 
within the silicon wafer 11 only slightly and is substan- 

35 tialry transmitted therethrough. This means that the mol- 
ten processed region is not formed by laser light absorp- 
tion within the silicon wafer 11 (i.e., not formed upon usu- 
al heating with laser light), but by multiphoton absorp- 
tion. The forming of a molten processed region by mul- 

40 tiphoton absorption is described, for example, in 
"Processing Characteristic evaluation of Silicon by Pi- 
cosecond Pulse Laser", Preprints of the National Meet- 
ing of Japan Welding Society, No. 66 (April 2000), pp. 
72-73. 

45 p)1 35] Here, a fracture is generated in the cross-sec- 
tional direction while using the molten processed region 
as a starting point, whereby the silicon wafer is cut when 
the fracture reaches the surface and rear face of the sil- 
icon wafer. The fracture reaching the surface and rear 

so face of the object to be processed may grow naturally 
or grow as a force is applied to the object. The fracture 
naturally grows from the molten processed region to the 
surface and rear face of the silicon wafer in one of the 
cases where the fracture grows from a region once melt- 

55 ed and then re-solidified, where the fracture grows from 
a region in a melted state, and where the fracture grows 
from a region in the process of re-solidifying from a melt- 
ed state. In any of these cases, the molten processed 
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region is formed only within the cross section after cut- 
ting as shown in Fig. 12. When a molten processed re- 
gion is formed within the object to be processed, unnec- 
essary fractures deviating from a line along which the 
object is intended to be cut are hard* to occur at the time 
of breaking and cutting, which makes it easier to control 
the breaking and cutting. 

(3) Case where the modified region is a refractive index 
change region 

[0136] An object to be processed (e.g., glass) is irra- 
diated with laser light while the light-converging point is 
located therewithin under a condition with a peak power 
density of at least 1 x 10 8 (W/cm 2 ) and a pulse width of 
1 ns or less at the light-converging point. When multi- 
photon absorption is generated within the object to be 
processed with a very short pulse width, the energy 
caused by multiphoton absorption is not transformed in- 
to thermal energy, so that a permanent structural 
change such as ionic valence change, crystallization, or 
polarization orientation is induced within the object, 
whereby a refractive index change region is formed. The 
upper limit of electric field intensity is 1 x 1 0 12 (W/cm 2 ), 
for example. The pulse width is preferably 1 ns or less, 
more preferably 1 ps or less, for example. The forming 
of a refractive index change region by multiphoton ab- 
sorption is described, for example, in "Formation of Pho- 
toinduced Structure within Glass by Femtosecond Laser 
Irradiation", Proceedings of 42th Laser Materials 
Processing Conference (November 1 997), pp. 1 05-1 1 1 . 
[01 37] Specific examples of this embodiment will now 
be explained. 

[First Example] 

[0138] The laser processing method in accordance 
with afirst example of the embodiment will be explained. 
Fig. 1 4 is a schematic diagram of a laser processing ap- 
paratus 100 usable in this method. The laser processing 
apparatus 1 00 comprises a laser light source 1 01 for 
generating laser light L; a laser light source controller 
102 for controlling the laser light source 101 so as to 
regulate the output and pulse width of laser light L and 
the like; a dichroic mirror 1 03, arranged so as to change 
the orientation of the optical axis of laser light L by 90°, 
having a function of reflecting the laser light L; a light- 
converging lens 105 for converging the laser light L re- 
flected by the dichroic mirror 1 03; a mounting table 1 07 
for mounting an object to be processed 1 irradiated with 
the laser light L converged by the light-converging lens 
1 05; an X-axis stage 1 09 for moving the mounting table 
1 07 in the X-axis direction; a Y-axis stage 1 1 1 for moving 
the mounting table 1 07 in the Y-axis direction orthogonal 
to the X-axis direction; a Z-axis stage 1 1 3 for moving the 
mounting table 1 07 in the Z-axis direction orthogonal to 
X- and Y-axis directions; and a stage controller 115 for 
controlling the movement of these three stages 109, 



111, 113. 

[0139] The Z-axis direction is a direction orthogonal 
to the surface 3 of the object to be processed 1 , thus 
becoming the direction of focal depth of laser light L in- 

5 cident on the object 1 . Therefore, moving the Z-axis 
stage 1 1 3 in the Z-axis direction can locate the light-con- 
verging point P of laser light L within the object 1 . This 
movement of light-converging point P in X (Y) -axis di- 
rection is effected by moving the object 1 in the X(Y)- 

io axis direction by the X(Y)-axis stage 109 (111). The X 
(Y)-axis stage 109 (111) is an example of moving 
means. 

[01 40] The laser light source 1 01 is an Nd: YAG laser 
generating pulse laser light. Known as other kinds of la- 
's ser usable as the laser light source 101 include Nd: 
YVQ 4 laser, Nd:YLF laser, and titanium sapphire laser. 
For forming a crack region or molten processed region, 
NdiYAG laser, Nd:YV0 4 laser, and Nd:YLF laser are 
used preferably. For forming a refractive index change 
20 region, titanium sapphire laser is used preferably. 
[01 41 ] Though pulse laser light is used for processing 
the object 1 in the first example, continuous wave laser 
light may also be used as long as it can generate mul- 
tiphoton absorption. In the present invention, laser light 
25 means to include laser beams. The light-converging 
lens 105 is an example of light-converging means. The 
Z-axis stage 113 is an example of means for locating 
the light-converging point within the object to be proc- 
essed. The light-converging point of laser light can be 
30 located within the object to be processed by relatively 
moving the light-converging lens 1 05 in the 2-axis direc- 
tion. 

[0142] The laser processing apparatus 100 further 
comprises an observation light source 117 for generat- 
es jng a visible light beam for irradiating the object to be 
processed 1 mounted on the mounting table 107; and a 
visible light beam splitter 1 1 9 disposed on the same op- 
tical axis as that of the dichroic mirror 1 03 and light-con- 
verging lens 105. The dichroic mirror 103 is disposed 
40 between the beam splitter 119 and light-converging lens 
105. The beam splitter 119 has a function of reflecting 
about a half of a visual light beam and transmitting the 
remaining half therethrough, and is arranged so as to 
change the orientation of the optical axis of the visual 
45 |jght beam by 90°. A half of the visible light beam gen- 
erated by the observation light source 117 is reflected 
by the beam splitter 119, and thus reflected visible light 
beam is transmitted through the dichroic mirror 1 03 and 
light-converging lens 1 05, so as to illuminate the surface 
50 3 of the object 1 including the line along which the object 
is intended to be cut 5 and the like. 
[0143] The laser processing apparatus 100 further 
comprises an image pickup device 121 and an imaging 
lens 123 disposed on the same optical axis as that of 
55 the beam splitter 1 1 9, dichroic mirror 1 03, and light-con- 
verging lens 105. An example of the image pickup de- 
vice 1 21 is a CCD (charge-coupled device) camera. The 
reflected light of the visual light beam having illuminated 
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the surface 3 including the line along which the object 
is intended to be cut 5 and the like is transmitted through 
the light-converging lens 105, dichroic mirror 103, and 
beam splitter 119 and forms an image by way of the im- 
aging lens 123, whereas thus formed image is captured 
by the imaging device 121 , so as to yield imaging data. 
[0144] The laser processing apparatus 100 further 
comprises an imaging data processor 125 for inputting 
the imaging data outputted from the imaging device 1 21 , 
an overall controller 127 for controlling the laser 
processing apparatus 100 as a whole, and a monitor 
129. According to the imaging data, the imaging data 
processor 125 calculates foal point data for locating the 
focal point of the visible light generated in the observa- 
tion light source 1 1 7 onto the surface 3. According to the 
focal point data, the stage controller 115 controls the 
movement of the Z-axis stage 1 1 3, so that the focal point 
of visible light is located on the surface 3. Hence, the 
imaging data processor 125 functions as an autofocus 
unit. Also, according to the imaging data, the imaging 
data processor 125 calculates image data such as an 
enlarged image of the surface 3. The image data is sent 
to the overall controller 127, subjected to various kinds 
of processing, and then sent to the monitor 129. As a 
consequence, an enlarged image or the like is displayed 
on the monitor 129. 

[01 45] Data from the stage controller 115, image data 
from the imaging data processor 125, and the like are 
fed into the overall controller 127. According to these 
data as well, the overall controller 127 regulates the la- 
ser light source controller 1 02, observation light source 
1 1 7, and stage controller 115, thereby controlling the la- 
ser processing apparatus 100 as a whole. Thus, the 
overall controller 127 functions as a computer unit. 
[0146] With reference to Figs. 14 and 15, the laser 
processing method in accordance with a first example 
of the embodiment will now be explained. Fig. 15 is a 
flowchart for explaining this laser processing method. 
The object to be processed 1 is a silicon wafer. 
[01 47] First, a light absorption characteristic of the ob- 
ject 1 is determined by a spectrophotometer or the like 
which is not depicted. According to the results of meas- 
urement, a laser light source 1 01 generating laser light 
L having a wavelength to which the object 1 is transpar- 
ent or exhibits a low absorption is chosen (S1 01 ). Next, 
the thickness of the object 1 is measured. According to 
the result of measurement of thickness and the refrac- 
tive index of the object 1, the amount of movement of 
the object 1 in the Z-axis direction is determined (S1 03). 
This is an amount of movement of the object 1 in the Z- 
axis direction with reference to the light-converging 
point of laser light L positioned at the surface 3 of the 
object 1 in order for the light-converging point P of laser 
light L to be positioned within the object 1 . This amount 
of movement is fed into the overall controller 127. 
[01 48] The object 1 is mounted on the mounting table 
1 07 of the laser processing apparatus 1 00. Then , visible 
light is generated from the observation light source 117, 



so as to illuminate the object 1 (S105). The illuminated 
surface 3 of the object 1 including the line along which 
the object is intended to be cut 5 is captured by the im- 
age pickup device 121. Thus obtained imaging data is 

5 sent to the imaging data processor 125. According to 
the imaging data, the imaging data processor 125 cal- 
culates such focal point data that the focal point of visible 
light from the observation light source 117 is positioned 
at the surface 3 (S1 07). 

10 [0149] The focal point data is sent to the stage con- 
troller 115. According to the focal point data, the stage 
controller 115 moves the Z-axis stage 113 in the Z-axis 
direction (S109). As a consequence, the focal point of 
visible light from the observation light source 117 is po- 

*5 sitioned at the surface 3. According to the imaging data, 
the imaging data processor 125 calculates enlarged im- 
age data of the surface 3 of the object including the line 
along which the object is intended to be cut 5. The en- 
larged image data is sent to the monitor 129 by way of 

20 the overall controller 127, whereby an enlarged image 
of the line along which the object is intended to be cut 
5 and its vicinity is displayed on the monitor 129. 
[0150] Movement amount data determined at step 
S1 03 has been fed into the overall controller 1 27 before- 

25 hand, and is sent to the stage controller 1 1 5. According 
to the movement amount data, the stage controller 115 
causes the Z-axis stage 113 to move the object 1 in the 
Z-axis direction at a position where the light-converging 
point P of laser light L is located within the object 1 

so (S111). . 

[0151] Next, laser light L is generated from the laser 
light source 101 , so as to irradiate the line along which 
the object is intended to be cut 5 in the surface 3 of the 
object with the laser light L. Since the light-converging 

35 point P of laser light is positioned within the object 1 , a 
molten processed region is formed only within the object 
1 . Subsequently, the X-axis stage 1 09 and Y-axis stage 
111 are moved along the lint to be cut 5, so as to form 
a molten processed region along the line along which 

40 the object is intended to be cut 5 within the object 1 
(S113). Then, the object 1 is bent along the line along 
which the object is intended to be cut 5, and thus is cut 
(S115). This divides the object 1 into silicon chips. 
[0152] Effects of the first example will be explained. 

45 Here, the line along which the object is intended to be 
cut 5 is irradiated with the pulse laser light L under a 
condition causing multiphoton absorption while locating 
the light-converging point P within the object 1. Then, 
the X-axis stage 109 and Y-axis stage 111 are moved, 

so so as to move the light-converging point P along the line 
along which the object is intended to be cut 5. As a con- 
sequence, a modified region (e.g., crack region, molten 
processed region, or refractive index change region) is 
formed within the object 1 along the line along which the 

55 object is intended to be cut 5. When a certain starting 
point exists at a part to be cut in the object to be proc- 
essed, the object can be cut by breaking it with a rela- 
tively small force. Therefore, breaking the object 1 along 
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the line along which the object is intended to be cut 5 
while using a modified region as a starting point can cut 
the object 1 with a relatively small force. This can cut 
the object 1 without generating unnecessary fractures 
deviating from the line along which the object is intended 
to be cut 5 in the surface 3 of the object 1 . 
[01 53] Also, in the first example, the object 1 is irradi- 
ated with the pulse laser light L at the line along which 
the object is intended to be cut 5 under a condition gen- 
erating multiphoton absorption in the object 1 while lo- 
cating the light-converging point P within the object 1. 
Therefore, the pulse laser light L is transmitted through 
the object 1 without substantially being absorbed at the 
surface 3 of the object 1 , whereby the surface 3 will not 
incur damages such as melting due to the forming of a 
modified region. 

[0154] As explained in the foregoing, the first example 
can cut the object 1 without generating unnecessary 
fractures deviating from the line along which the object 
is intended tobe cut 5 and melt in the surface 3 of the 
object. Therefore, when the object is a semiconductor 
wafer, for example, a semiconductor chip can be cut out 
from the semiconductor wafer without generating un- 
necessary fractures deviating from the line along which 
the object is intended to be cut and melt in the semicon- 
ductor chip. The same holds for objects to be processed 
whose surface is formed with electrode patterns, and 
those whose surface is formed with electronic devices 
such as piezoelectric wafers and glass substrates 
formed with display devices such as liquid crystals. 
Therefore, the first example can improve the yield of 
products (e.g., semiconductor chips, piezoelectric de- 
vice chips, and display devices such as liquid crystal) 
prepared by cutting the object to be processed. 
[0155] Also, since the line along which the object is 
intended to be cut 5 in the surface 3 of the object 1 does 
not melt, the first example can decrease the width of the 
line along which the object is intended to be cut 5 (the 
width being the interval between regions to become 
semiconductor chips in the case of a semiconductor wa- 
fer, for example). Th is increases the number of products 
prepared from a single object to be processed 1 , where- 
by the productivity of products can be improved. 
[0156] Since laser light is used for cutting the object 
1 , the first example enables processing more complicat- 
ed than that obtained by dicing with a diamond cutter. 
For example, even when the line along which the object 
is intended to be cut 5 has a complicated form as shown 
in Fig. 1 6, the first example allows cutting. These effects 
are similarly obtained in examples which will be ex- 
plained later. 

[0157] Not only a single laser light source but also a 
plurality of laser light sources may be provided. For ex- 
ample, Fig. 1 7 is a schematic view for explaining the la- 
ser processing method in the first example of the em- 
bodiment in which a plurality of laser light sources are 
provided. Here, the object 1 is irradiated with three laser 
beams emitted from respective laser light sources 15, 



17, 19 from different directions while the light-converg- 
ing point P is located within the object 1 . The respective 
laser beams from the laser light sources 15, 17 are 
made incident on the object 1 from the surface 3 thereof. 
5 The laser beam from the laser light source 19 is made 
incident on the object 1 from the rear face 21 thereof. 
Since a plurality of laser light sources are used, this 
makes it possible for the light-converging point to have 
an electric field intensity with such a magnitude that mul- 
tiphoton absorption occurs, even when laser light is con- 
tinuous wave laser light having a power lower than that 
of pulse laser light. For the same reason, multiphoton 
absorption can be generated even without a light-con- 
verging lens. Though the light-converging point P is 
formed by the three laser light sources 15, 17, 19, the 
present invention is not restricted thereto as long as a 
plurality of laser light sources exist therein. 
[0158] Fig. 1 8 is a schematic view for explaining an- 
other laser processing method in accordance with the 
first example of the embodiment in which a plurality of 
laser light sources are provided. This example compris- 
es three array light source sections 25, 27, 29 each hav- 
ing a plurality of laser light sources 23 aligning along the 
line along which the object is intended to be cut 5. 
Among the array light source sections 25, 27, 29, laser 
beams emitted from laser light sources 23 arranged in 
the same row form a single light-converging point (e.g., 
light-converging point P 1 ). This example can form a plu- 
rality of light-converging points P t , P 2 , ... along the line 
along which the object is intended to be cut 5, whereby 
the processing speed can be improved. Also, in this ex- 
ample, a plurality of rows of modified regions can be 
formed at the same time upon laser-scanning on the sur- 
face 3 in a direction orthogonal to the line along which 
the object is intended to be cut 5. 

[Second Example] 

[01 59] A second example of the embodiment will now 
be explained. This example is directed to a cutting meth- 
od and cutting apparatus for a light-transmitting materi- 
al. The light-transmitting material is an example of the 
objects to be processed. In this example, a piezoelectric 
device wafer (substrate) having a thickness of about 400 
um made of LrTa0 3 is used as a light-transmitting ma- 
terial. 

[0160] The cutting apparatus in accordance with the 
second example is constituted by the laser processing 
apparatus 100 shown in Fig. 14 and the apparatus 
shown in Figs. 1 9 and 20. The apparatus shown in Figs. 
19 and 20 will be explained. The piezoelectric device 
wafer 31 is held by a wafer sheet (film) 33 acting as hold- 
ing means. In the wafer sheet 33, the face on the side 
holding the piezoelectric device wafer 31 is made of an 
adhesive resin tape or the like, and has an elasticity. The 
wafer sheet 33 is set on a mounting table 1 07 while be- 
ing held with a sample holder 35. As shown in Fig. 19, 
the piezoelectric device wafer 31 includes a number of 
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piezoelectric device chips 37 which will be cut and sep- 
arated later. Each piezoelectric device chip 37 has a cir- 
cuit section 39. The circuit section 39 is formed on the 
surface of the piezoelectric device wafer 31 for each pi- 
ezoelectric device chip 37, whereas a predetermined 
gap a (about 80 ujti) is formed between adjacent circuit 
sections 39. Fig. 20 shows a state where minute crack 
regions 9 as modified parts are formed within the piezo- 
electric device wafer 31 . 

[0161] Next, with reference to Fig. 21 , the method of 
cutting a light-transmitting material in accordance with 
the second example will be explained. First, a light ab- 
sorption characteristic of the light-transmitting material 
(piezoelectric device wafer 31 made of LiTa0 3 in the 
second example) to become a material to be cut is de- 
termined (S201 ). The light absorption characteristic can 
be measured by using a spectrophotometer or the like. 
Once the light absorption characteristic is determined, 
a laser light source 101 generating laser light L having 
a wavelength to which the material to be cut is transpar- 
ent or exhibits a low absorption is chosen according to 
the result of determination (S203). In the second exam- 
ple, a YAG laser of pulse wave (PW) type having a fun- 
damental wave wavelength of 1 064 nm is chosen. This 
YAG laser has a pulse repetition frequency of 20 Hz, a 
pulse width of 6 ns, and a pulse energy of 300 uJ. The 
spot diameter of laser light L emitted from the YAG laser 
is about 20 urn. 

[01 62] Next, the thickness of the material to be cut is 
measured (S205). Once the thickness of the material to 
be cut is measured, the amount of displacement 
(amount of movement) of the light-converging point of 
laser light L from the surface (entrance face for laser 
light L) of the material to be cut in the optical axis direc- 
tion of laser light L is determined so as to position the 
light-converging point of laser light L within the material 
to be cut according to the result of measurement (S207). 
For example, in conformity to the thickness and refrac- 
tive index of the material to be cut, the amount of dis- 
placement (amount of movement) of the light-converg- 
ing point of laser light L is set to 1/2 of the thickness of 
the material to be cut. 

[0163] As shown in Fig. 22, due to the difference be- 
tween the refractive index in the atmosphere (e.g., air) 
surrounding the material to be cut and the refractive in- 
dex of the material to be cut, the actual position of the 
light-converging point P of laser light is located deeper 
than the position of the light-converging point Q of laser 
light L converged by the light-converging lens 1 05 from 
the surface of the material to be cut (piezoelectric device 
wafer 31 ). Namely, the relationship of "amount of move- 
ment of Z-axis stage 113 in the optical axis direction of 
laser light L x refractive index of the material to be cut 
= actual amount of movement of light-converging point 
of laser light L n holds in the air. The amount of displace- 
ment (amount of movement) of the light-converging 
point of laser light L is set in view of the above-men- 
tioned relationship (between the thickness and refrac- 



tive index of the material to be cut). Thereafter, the ma- 
terial to be cut held by the wafer sheet 33 is mounted 
on the mounting table 107 placed on the X-Y-Z-axis 
stage (constituted by the X-axis stage 1 09, Y-axis stage 

5 111 , and Z-axis stage 113 in this embodiment) (S209). 
After the mounting of the material to be cut is completed, 
light is emitted from the observation light source 1 1 7, so 
as to irradiate the material to be cut with thus emitted 
light. Then, according to the result of imaging at the im- 

10 age pickup device 1 21 , focus adjustment is carried out 
by moving the Z-axis stage 113 so as to position the 
light-converging point of laser light L onto the surface of 
the material to be cut (S211). Here, the surface obser- 
vation image of piezoelectric device wafer 31 obtained 

is by the observation light source 117 is captured by the 
image pickup device 121, whereas the imaging data 
processor 1 25 determines the moving position of the Z- 
axis stage 113 according to the result of imaging such 
that the light emitted from the observation light source 

20 117 forms a focal point on the surface of the material to 
be cut, and outputs thus determined position to the 
stage controller 115. According to an output signal from 
the imaging data processor 1 25 , the stage controller 1 1 5 
controls the Z-axis stage 113 such that the moving po- 

25 sition of the Z-axis stage 1 1 3 is located at a position for 
making the light emitted from the observation light 
source 117 form a focal point on the material to be cut, 
i.e., for positioning the focal point of laser light L onto 
the surface of the material to be cut. 

30 [01 64] After the focus adjustment of light emitted from 
the observation light source 117 is completed, the light- 
converging point of laser light L is moved to a light-con- 
verging point corresponding to the thickness and refrac- 
tive index of the material to be cut (S213). Here, the 

35 overall controller 1 27 sends an output signal to the stage 
controller 1 1 5 so as to move the Z-axis stage 1 1 3 in the 
optical axis direction of laser light L by the amount of 
displacement of the light-converging point of laser light 
determined in conformity to the thickness and refractive 

40 index of the material to be cut, whereby the stage con- 
troller 115 having received the output signal regulates 
the moving position of the Z-axis stage 113. As men- 
tioned above, the placement of the light-converging 
point of laser light L within the material to be cut is com- 

45 pleted by moving the Z-axis stage 1 1 3 in the optical axis 
direction of laser light L by the amount of displacement 
of the light-converging point of laser light L determined 
in conformity to the thickness and refractive index of the 
material to be cut (S21 5) . 

50 [Q165] After the placement of the light-converging 
point of laser light L within the material to be cut is com- 
pleted, the material to be cut is irradiated with laser light 
L, and the X-axis stage 109 and the Y-axis stage 111 
are moved in conformity to a desirable cutting pattern 

55 (S217). As shown in Fig. 22, the laser light L emitted 
from the laser light source 1 01 is converged by the light- 
converging lens 1 05 such that the light-converging point 
P is positioned within the piezoelectric device wafer 31 
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facing a predetermined gap (80 ujti as mentioned 
above) formed between adjacent circuit sections 39. 
The above-mentioned desirable cutting pattern is set 
such that the gap formed between the adjacent circuit 
sections 39 in order to separate a plurality of piezoelec- 
tric device chips 37 from the piezoelectric device wafer 
31 is irradiated with the laser light L, whereas the laser 
light L is irradiated while the state of irradiation of laser 
light L is seen through the monitor 129. 
[0166] Here, as shown in Fig. 22, the laser light L ir- 
radiating the material to be cut is converged by the light- 
converging lens 1 05 by an angle at which the circuit sec- 
tions 39 formed on the surface of the piezoelectric de- 
vice wafer 31 (the surface on which the laser light L is 
incident) are not irradiated with the laser light L. Con- 
verging the laser light L by an angle at which the circuit 
sections 39 are not irradiated with the laser light L can 
prevent the laser light Lfrom entering the circuit sections 
39 and protect the circuit sections 39 against the laser 
light L. 

[0167] When the laser light L emitted from the laser 
light source 101 is converged such that the light-con- 
verging point P is positioned within the piezoelectric de- 
vice wafer 31 while the energy density of laser light L at 
the light-converging point P exceeds a threshold of op- 
tical damage or optical dielectric breakdown, minute 
crack regions 9 are formed only at the light-converging 
point P within the piezoelectric device wafer 31 acting 
as a material to be cut and its vicinity. Here, the surface 
and rear face of the material to be cut (piezoelectric de- 
vice wafer 31) will not be damaged. 
[01 68] Now, with reference to Figs. 23 to 27, the form- 
ing of cracks by moving the light-converging point of la- 
ser light L will be explained. The material to be cut 32 
(light-transmitting material) having a substantially rec- 
tangular parallelepiped form shown in Fig. 23 is irradi- 
ated with laser light L such that the light-converging 
point of laser light L is positioned within the material to 
be cut 32, whereby minute crack regions 9 are formed 
only at the light-converging point within the material to 
be cut 32 and its vicinity as shown in Figs. 24 and 25. 
The scanning of laser light L or movement of the material 
to be cut 32 is regulated so as to move the light-con- 
verging point of laser light L in the longitudinal direction 
D of material to be cut 32 intersecting the optical axis of 
laser light L. 

[0169] , Since the laser light L is emitted from the laser 
light source 101 in a pulsating manner, a plurality of 
crack regions 9 are formed with a gap therebetween cor- 
responding to the scanning speed of laser light L or the 
moving speed of the material to be cut 32 along the lon- 
gitudinal direction D of the material to be cut 32 when 
the laser light L is scanned or the material to be cut 32 
is moved. The scanning speed of laser light L or the 
moving speed of material to be cut 32 may be slowed 
down, so as to shorten the gap between the crack re- 
gions 9, thereby increasing the number of thus formed 
crack regions 9 as shown in Fig. 26. The scanning speed 



of laser light L or the moving speed of material to be cut 
may further be slowed down, so that the crack region 9 
is continuously formed in the scanning direction of laser 
light L or the moving direction of material to be cut 32, 

s i.e., the moving direction of the light-converging point of 
laser light L as shown in Fig. 27. Adjustment of the gap 
between the crack regions 9 (number of crack regions 
9 to be formed) can also be realized by changing the 
relationship between the repetition frequency of laser 

io light L and the moving speed of the material to be cut 
32 (X-axis stage or Y-axis stage). Also, throughput can 
be improved when the repetition frequency of laser light 
L and the moving speed of material to be cut 32 are in- 
creased. 

15 [01 70] Once the crack regions 9 are formed along the 
above-mentioned desirable cutting pattern (S219), a 
stress is generated due to physical external force appli- 
cation, environmental changes, and the like within the 
material to be cut, the part formed with the crack regions 

20 g in particular, so as to grow the crack regions 9 formed 
only within the material to be cut (the light-converging 
point and its vicinity), there by cutting the material to be 
cut at a position formed with the crack regions 9 (S221 ). 
[01 71 ] With reference to Figs. 28 to 32, the cutting of 

25 the material to be cut upon physical external force ap- 
plication will be explained. First, the material to be cut 
(piezoelectric device wafer 31 ) formed with the crack re- 
gions 9 along the desirable cutting pattern is placed in 
a cutting apparatus while in a state held by a wafer sheet 

30 33 grasped by the sample holder 35. The cutting appa- 
ratus has a suction chuck 34, which will be explained 
later, a suction pump (not depicted) connected to the 
suction chuck 34, a pressure needle 36 (pressing mem- 
ber), pressure needle driving means (not depicted) for 

35 moving the pressure needle 36, and the like. Usable as 
the pressure needle driving means is an actuator of 
electric, hydraulic, or other types. Figs. 28 to 32 do not 
depict the circuit sections 39. 

[0172] Once the piezoelectric device wafer 31 is 

40 placed in the cutting apparatus, the suction chuck 34 
approaches the position corresponding to the piezoe- 
lectric device chip 37 to be isolated as shown in Fig. 28. 
A suction pump apparatus is actuated while in a state 
where the suction chuck 34 is located closer to or abuts 

45 against the piezoelectric device chip 37 to be isolated, 
whereby the suction chuck 34 attracts the piezoelectric 
device chip 37 (piezoelectric device wafer 31 ) to be iso- 
lated as shown in Fig. 29. Once the suction chuck 34 
attracts the piezoelectric device chip 37 (piezoelectric 

50 device wafer 31 ) to be isolated, the pressure needle 36 
is moved to the position corresponding to the piezoelec- 
tric device chip 37 to be isolated from the rear face of 
wafer sheet 33 (rear face of the surface held with the 
piezoelectric device wafer 31) as shown in Fig. 30. 

55 rpi 73] When the pressure needle 36 is further moved 
after abutting against the rear face of the wafer sheet 
33, the wafer sheet 33 deforms, while the pressure nee- 
dle 36 applies a stress to the piezoelectric device wafer 
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31 from the outside, whereby a stress is generated in 
the wafer part formed with the crack regions 9, which 
grows the crack regions 9. When the crack regions 9 
grow to the surface and rear face of the piezoelectric 
device wafer 31 , the piezoelectric device wafer 31 is cut 
at an end part of the piezoelectric device chip 37 to be 
isolated as shown in Fig. 31 , whereby the piezoelectric 
device chip 37 is isolated from the piezoelectric device 
wafer 31 . The wafer sheet 33 has an adhesiveness as 
mentioned above, thereby being able to prevent cut and 
separated piezoelectric device chips 37 from flying 
away. 

[0174] Once the piezoelectric device chip 37 is sepa- 
rated from the piezoelectric device wafer 31 , the suction 
chuck 34 and pressure needle 36 are moved away from 
the wafer sheet 33. When the suction chuck 34 and 
pressure needle 36 are moved, the isolated piezoelec- 
tric device chip 37 is released from the wafer sheet 33 
as shown in Fig. 32, since the former is attracted to the 
suction chuck 34. Here, an ion air blow apparatus, which 
is not depicted, is used for sending an ion air in the di- 
rection of arrows B in Fig. 32, whereby the piezoelectric 
device chip 37 isolated and attracted to the suction 
chuck 34, and the piezoelectric device wafer 31 (sur- 
face) held by the wafer sheet 32 are cleaned with the 
ion air. Here, a suction apparatus may be provided in 
place of the ion air cleaning, such that the cut and sep- 
arated piezoelectric device chips 37 and piezoelectric 
device wafer 31 are cleaned as dust and the like are 
aspirated. Known as a method of cutting the material to 
be cut due to environmental changes is one imparting 
a temperature change to the material to be cut having 
the crack regions 9 only therewithin. When a tempera- 
ture change is imparted to the material to be cut as such, 
a thermal distortion can occur in the material part formed 
with the crack regions 9, so that the crack regions grow, 
whereby the material to be cut can be cut. 
[0175] Thus, in the second example, the light-con- 
verging lens 1 05 converges the laser light L emitted from 
the laser light source 101 such that its light-converging 
point is positioned within the light-transmitting material 
(piezoelectric device wafer 31), whereby the energy 
density of laser light at the light-converging point ex- 
ceeds the threshold of optical damage or optical dielec- 
tric breakdown, which forms the minute cracks 9 only at 
the light-converging point within the light-transmitting 
material and its vicinity. Since the light-transmitting ma- 
terial is cut at the positions of thus formed crack regions 
9, the amount of dust emission is very small, whereby 
the possibility of dicing damages, chipping, cracks on 
the material surface, and the like occurring also be- 
comes very low. Since the light-transmitting material is 
cut along the crack regions 9 f ormed by the optical dam- 
ages or optical dielectric breakdown of the light-trans- 
mitting material, the directional stability of cutting im- 
proves, so that cutting direction can be controlled easily. 
Also, the dicing width can be made smaller than that at- 
tained in the dicing with a diamond cutter, whereby the 



number of light-transmitting materials cut out from one 
light-transmitting material can be increased. As a result 
of these, the second example can cut the light-transmit- 
ting material quite easily and appropriately. 

5 [01 76] Also, a stress is generated within the material 
to be cut due to physical external force application, en- 
vironmental changes, and the like, so as to grow the 
formed crack regions 9 to cut the light-transmitting ma- 
terial (piezoelectric device wafer 31), whereby the light- 

io transmitting material can reliably.be cut at the positions 
of formed crack regions 9. 

[01 77] Also, the pressure needle 36 is used for apply- 
ing a stress to the light-transmitting material (piezoelec- 
tric device wafer 31), so as to grow the formed crack 
15 regions 9 to cut the light-transmitting material (piezoe- 
lectric device wafer 31), whereby the light-transmitting 
material can further reliably be cut at the positions of 
formed crack regions 9. 

[01 78] When the piezoelectric device wafer 31 (light- 

20 transmitting material) formed with a plurality of circuit 
sections 39 is cut and separated into individual piezoe- 
lectric device chips 37, the light-converging lens 1 05 
converges the laser light L such that the light-converging 
point is positioned within the wafer part facing the gap 

25 formed between adjacent circuit sections 39, and forms 
the crack regions 9, whereby the piezoelectric device 
wafer 31 can reliably be cut at the position of the gap 
formed between adjacent circuit sections 39. 
[0179] When the light-transmitting material (piezoe- 

30 lectric device wafer 31) is moved or laser light L is 
scanned so as to move the light-converging point in a 
direction intersecting the optical axis of laser light L, e. 
g., a direction orthogonal thereto, the crack region 9 is 
continuously formed along the moving direction of the 

35 light-converging point, so that the directional stability of 
cutting further improves, which makes it possible to con- 
trol the cutting direction more easily. 
[0180] Also, in the second example, dust-emitting 
powders hardly exist, so that no lubricating/cleaning wa- 

40 ter for preventing the dust-emitting powders from flying 
away is necessary, whereby dry processing can be re- 
alized in the cutting step. 

[0181] In the second example, since the forming of a 
modified part (crack region 9) is realized by non-contact 

45 processing with the laser light L, problems of durability 
of blades, their replacement frequency, and the like in 
the dicing caused by diamond cutters will not occur. Al- 
so, since the forming of a modified part (crack region 9) 
is realized by non-contact processing with the laser light 

so l, the second example can cut the light-transmitting ma- 
terial along a cutting pattern which cuts out the light- 
transmitting material without completely cutting the 
same. The present invention is not limited to the above- 
mentioned second example. For example, the light- 

55 transmitting material may be a semiconductor wafer, a 
glass substrate, or the like without being restricted to 
the piezoelectric device wafer 31 . Also, the laser light 
source 1 01 can appropriately be selected in conformity 
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to an optical absorption characteristic of the light-trans- 
mitting material to be cut. Though the minute regions 9 
are formed as a modified part upon irradiation with the 
laser light L in the second example, it is not restrictive. 
For example, using an ultrashort pulse laser light source 
(e.g., femto second (fs) laser) can form a modified part 
caused by a refractive index change (higher refractive 
index), thus being able to cut the light-transmitting ma- 
terial without generating the crack regions 9 by utilizing 
such a mechanical characteristic change. 
[01 82] Though the focus adjustment of laser light L is 
carried out by moving the Z-axis stage 113 in the laser 
processing apparatus 1 00, it may be effected by moving 
the light-converging lens 1 05 in the optical axis direction 
of laser light L without being restricted thereto. 
[01 83] Though the X-axis stage 1 09 and Y-axis stage 
111 are moved in conformity to a desirable cutting pat- 
tern in the laser processing apparatus 1 00, it is not re- 
strictive, whereby the laser light L may be scanned in 
conformity to a desirable cutting pattern. 
[0184] Though the piezoelectric device wafer31 iscut 
by the pressure needle 36 after being attracted to the 
suction chuck 34, it is not restrictive, whereby the pie- 
zoelectric device wafer 31 may be cut by the pressure 
needle 36, and then the cut and isolated piezoelectric 
device ch ip 37 may be attracted to the suction chuck 34. 
Here, when the piezoelectric device wafer 31 is cut by 
the pressure needle 36 after the piezoelectric device 
wafer 31 is attracted to the suction chuck 34, the surface 
of the cut and isolated piezoelectric device chip 37 is 
covered with the suction chuck 34, which can prevent 
dust and the like from adhering to the surface of the pi- 
ezoelectric device chip 37. 

[01 85] Also, when an image pickup device 1 21 for in- 
frared rays is used, focus adjustment can be carried out 
by utilizing reflected light of laser light L. In this case, it 
is necessary that a half mirror be used instead of the 
dichroic mirror 103, while disposing an optical device 
between the half mirror and the laser light source 101, 
which suppresses the return light to the laser light 
source 1 01 . Here, it is preferred that the output of laser 
light L emitted from the laser light source 1 01 at the time 
of focus adjustment be set to an energy level lower than 
that of the output for forming cracks, such that the laser 
light L for carrying out focus adjustment does not dam- 
age the material to be cut. 

[01 86] Characteristicfeatures of the present invention 
will now be explained from the viewpoints of the second 
example. 

[0187] The method of cutting a light-transmitting ma- 
terial in accordance with an aspect of the present inven- 
tion comprises a modified part forming step of converg- 
ing laser light emitted from a laser light source such that 
its light-converging point is positioned within the light- 
transmitting material, so as to form a modified part only 
at the light-converging point within the light-transmitting 
material and its vicinity; and a cutting step of cutting the 
light-transmitting material at the position of thus formed 



modified part. 

[0188] In the method of cutting a light-transmitting ma- 
terial in accordance with this aspect of the present in- 
vention, the laser light is converged such that the light- 

5 converging point of laser light is positioned within the 
light-transmitting material in the modified part forming 
step, whereby the modified part is formed only at the 
light-converging point within the light-transmitting mate- 
rial and its vicinity. In the cutting step, the light-transmit- 

10 ting material is cut at the position of thus formed modi- 
fied part, so that the amount of dust emission is very 
small, whereby the possibility of dicing damages, chip- 
ping, cracks on the material surface, and the like occur- 
ring also becomes very low. Since the light-transmitting 

15 material is cut at the position of thus formed modified 
part, the directional stability of cutting improves, so that 
cutting direction can be controlled easily. Also, the dicing 
width can be made smaller than that attained in the dic- 
ing with a diamond cutter, whereby the number of light- 

20 transmitting materials cut out from one light-transmitting 
material can be increased. As a result of these, the 
present invention can cut the light-transmitting material 
quite easily and appropriately. 

[0189] Also, in the method of cutting a light-transmit- 
25 ting material in accordance with this aspect of the 
present invention, dust-emitting powders hardly exist, 
so that no lubricating/cleaning water for preventing the 
dust-emitting powders from flying away is necessary, 
whereby dry processing can be realized in the cutting 
30 step. 

[01 90] In the method of cutting a light-transmitting ma- 
terial in accordance with this aspect of the present in- 
vention, since the forming of a modified part is realized 
by non-contact processing with laser light, problems of 

35 durability of blades, their replacement frequency, and 
the like in the dicing caused by diamond cutters will not 
occur. Also, since the forming of a modified part is real- 
ized by non-contact processing with the laser light, the 
method of cutting a light-transmitting material in accord- 

40 ance with this aspect of the present invention can cut 
the light-transmitting material along a cutting pattern 
which cuts out the light-transmitting material without 
completely cutting the same. 

[0191] Preferably, the light-transmitting material is 
45 formed with a plurality of circuit sections, whereas laser 
light is converged such that the light-converging point is 
positioned within the light-transmitting material part fac- 
ing the gap formed between adjacent circuit sections in 
the modified part forming step, so as to form the modi- 
50 fied part. With such a configuration, the light-transmit- 
ting material can reliably be cut at the position of the gap 
formed between adjacent circuit sections. 
[0192] When irradiating the light-transmitting material 
with laser light in the modified part forming step, it is pre- 
55 ferred that the laser light be converged by an angle at 
which the circuit sections are not irradiated with the laser 
light. Converging the laser light by an angle at which the 
circuit sections are not irradiated with the laser light 
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when irradiating the light-transmitting material with the 
laser light in the modified part forming step as such can 
prevent the laser light from entering the circuit sections 
and protect the circuit sections against the laser light. 
[0193] Preferably, in the modified part forming step, 
the light-converging point is moved in a direction inter- 
secting the optical axis of laser light, so as to form a 
modified part continuously along the moving direction of 
the light-converging point. When the light-converging 
point is moved in a direction intersecting the optical axis 
of laser fight in the modified part forming step as such, 
so as to form the modified part continuously along the 
moving direction of the light-converging point, the direc- 
tional stability of cutting further improves, which makes 
it further easier to control the cutting direction. 
[01 94] The method of cutting a light-transmitting ma- 
terial in accordance with an aspect of the present inven- 
tion comprises a crack forming step of converging laser 
light emitted from a laser light source such that its light- 
converging point is positioned within the light-transmit- 
ting material, so as to form a crack only at the light-con- 
verging point within the light-transmitting material and 
its vicinity; and a cutting step of cutting the light-trans- 
mitting material at the position of thus formed crack. 
[0195] In the method of cutting a light-transmitting ma- 
terial in accordance with this aspect of the present in- 
vention, laser light is converged such that the light-con- 
verging point of laser light is positioned within the light- 
transmitting material, so that the energy density of laser 
light at the light-converging point exceeds a threshold 
of optical damage or optical dielectric breakdown of the 
light-transmitting material, whereby a crack is formed 
only at the light-converging point within the light-trans- 
mitting material and its vicinity. In the cutting step, the 
light-transmitting material is cut at the position of thus 
formed crack, so that the amount of dust emission is 
very small, whereby the possibility of dicing damages, 
chipping, cracks on the material surface, and the like 
occurring also becomes very low. Since the light-trans- 
mitting material is cut at the position of the crack formed 
by an optical damage or optical dielectric breakdown, 
the directional stability of cutting improves, so that cut- 
ting direction can be controlled easily. Also, the dicing 
width can be made smaller than that attained in the dic- 
ing with a diamond cutter, whereby the number of light- 
transmitting materials cut out from one light-transmitting 
material can be increased. As a result of these, the 
present invention can cut the light-transmitting material 
quite easily and appropriately. 
[01 96] Also, in the method of cutting a light-transmit- 
ting material in accordance with this aspect of the 
present invention, dust-emitting powders hardly exist, 
so that no lubricating/cleaning water for preventing the 
dust-emitting powders from flying away is necessary, 
whereby dry processing can be realized in the cutting 
step. 

[0197] Inthemethodofcuttingalight-transmittingma- 
terial in accordance with this aspect of the present in- 



vention, since the forming of a crack is realized by non- 
contact processing with laser light, problems of durabil- 
ity of blades, their replacement frequency, and the like 
in the dicing caused by diamond cutters will not occur. 

5 Also, since the forming of a crack is realized by non- 
contact processing with the laser light, the method of 
cutting a light-transmitting material in accordance with 
this aspect of the present invention can cut the light- 
transmitting material along a cutting pattern which cuts 

10 out the light-transmitting material without completely 
cutting the same. 

[0198] Preferably, in the cutting step, the light-trans- 
mitting material is cut by growing the formed crack. Cut- 
ting the light-transmitting material by growing the formed 
15 crack in the cutting step as such can reliably cut the light- 
transmitting material at the position of the formed crack. 
[0199] Preferably, in the cutting step, a stress is ap- 
plied to the light-transmitting material by using a press- 
ing member, so as to grow a crack, thereby cutting the 
20 light-transmitting material. When a stress is applied to 
the light-transmitting material in the cutting step by using 
a pressing member as such, so as to grow a crack, 
thereby cutting the light-transmitting material, the light- 
transmitting material can further reliably be cut at the 
25 position of the crack. 

[0200] The apparatus for cutting a light-transmitting 
material in accordance with an aspect of the present in- 
vention comprises a laser light source; holding means 
for holding the light-transmitting material; an optical de- 
ft) vice for converging the laser light emitted from the laser 
light source such that a light-converging point thereof is 
positioned within the light-transmitting material; and cut- 
ting means for cutting the light-transmitting material at 
the position of a modified part formed only at the light- 
35 converging point of laser light within the light-transmit- 
ting material and its vicinity. 

[0201 ] In the apparatus for cutting a light-transmitting 
material in accordance with this aspect of the present 
invention, the optical device converges laser light such 
40 that the light-converging point of laser light is positioned 
within the light-transmitting material, whereby a modi- 
fied part is formed only at the light-converging point with- 
in the light-transmitting material and its vicinity. Then, 
the cutting means cuts the light-transmitting material at 
45 the position of the modified part formed only at the light- 
converging point within the light-transmitting material 
and its vicinity, whereby the light-transmitting material is 
reliably cut along thus formed modified part. As a con- 
sequence, the amount of dust emission is very small, 
so whereas the possibility of dicing damages, chipping, 
cracks on the material surface, and the like occurring 
also becomes very low. Also, since the light-transmitting 
material is cut along the modified part, the directional 
stability of cutting improves, whereby the cutting direc- 
ts tion can be controlled easily. Also, the dicing width can 
be made smaller than that attained in the dicing with a 
diamond cutter, whereby the number of light-transmit- 
ting materials cut out from one light-transmitting material 
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can be increased. As a result of these, the present in- 
vention can cut the light-transmitting material quite eas- 
ily and appropriately. 

[0202] Also, in the apparatus for cutting a light-trans- 
mitting material in accordance with this aspect of the 
present invention, dust-emitting powders hardly exist, 
so that no lubricating/cleaning water for preventing the 
dust-emitting powders from flying away is necessary, 
whereby dry processing can be realized in the cutting 
step. 

[0203] In the apparatus for cutting a light-transmitting 
material in accordance with this aspect of the present 
invention, since the modified part is formed by non-con- 
tact processing with laser light, problems of durability of 
blades, their replacement frequency, and the like in the 
dicing caused by diamond cutters will not occur as in the 
conventional techniques. Also, since the modified part 
is formed by non-contact processing with the laser light 
as mentioned above, the apparatus for cutting a light- 
transmitting material in accordance with this aspect of 
the present invention can cut the light-transmitting ma- 
terial along a cutting pattern which cuts out the light- 
transmitting material without completely cutting the 
same. 

[0204] The apparatus for cutting a light-transmitting 
material in accordance with an aspect of the present in- 
vention comprises a laser light source; holding means 
for holding the light-transmitting material; an optical de- 
vice for converging laser light emitted from the laser light 
source such that a light-converging point thereof is po- 
sitioned within the light-transmitting material; and cut- 
ting means for cutting the light-transmitting material by 
growing a crack formed only at the light-converging 
point of laser light within the light-transmitting material 
and its vicinity. 

[0205] In the apparatus for cutting a light-transmitting 
material in accordance with this aspect of the present 
invention, the optical device converges laser light such 
that the light-converging point of laser light is positioned 
within the light-transmitting material, so that the energy 
density of laser light at the light-converging point ex- 
ceeds a threshold of optical damage or optical dielectric 
breakdown of the light-transmitting material, whereby a 
crack is formed only at the light-converging point within 
the light-transmitting material and its vicinity. Then, the 
cutting means cuts the light-transmitting material by 
growing the crack formed only at the light-converging 
point within the light-transmitting material and its vicinity, 
whereby the light-transmitting material is reliably cut 
along the crack formed by an optical damage or optical 
dielectric breakdown of the light-transmitting material. 
As a consequence, the amount of dust emission is very 
small, whereas the possibility of dicing damages, chip- 
ping, cracks on the material surface, and the like occur- 
ring also becomes very low. Since the light-transmitting 
material is cut along the crack, the directional stability 
of cutting improves, so that cutting direction can be con- 
trolled easily. Also, the dicing width can be made smaller 



than that attained in the dicing with a diamond cutter, 
whereby the number of light-transmitting materials cut 
out from one light-transmitting material can be in- 
creased. As a result of these, the present invention can 
5 cut the light-transmitting material quite easily and ap- 
propriately. 

[0206] Also, in the apparatus for cutting a light-trans- 
mitting material in accordance with this aspect of the 
present invention, dust-emitting powders hardly exist, 
io so that no lubricating/cleaning water for preventing the 
dust-emitting powders from flying away is necessary, 
whereby dry processing can be realized in the cutting 
step. 

[0207] In the apparatus for cutting a light-transmitting 

15 material in accordance with this aspect of the present 
invention, since the crack is formed by non-contact 
processing with laser light, problems of durability of 
blades, their replacement frequency, and the like in the 
dicing caused by diamond cutters will not occur as in the 

20 conventional techniques. Also, since the crack is formed 
by non-contact processing with the laser light as men- 
tioned above, the method of cutting a light-transmitting 
material in accordance with this aspect of the present 
invention can cut the light-transmitting material along a 

25 cutting pattern which cuts out the light-transmitting ma- 
terial without completely cutting the same. 
[0208] Preferably, the cutting means has a pressing 
member for applying a stress to the light-transmitting 
material. When the cutting means has a pressing mem- 

30 ber for applying a stress to the light-transmitting material 
as such, a stress can be applied to the light-transmitting 
material by using the pressing member, so as to grow a 
crack, whereby the light-transmitting material can fur- 
ther reliably be cut at the position of the crack formed. 

35 [0209] Preferably, the light-transmitting material is 
one whose surface is formed with a plurality of circuit 
sections, whereas the optical device converges the la- 
ser light such that the light-converging point is posi- 
tioned within the light-transmitting material part facing 

40 the gap formed between adjacent circuit sections. With 
such a configuration, the light-transmitting material can 
reliably be cut at the position of the gap formed. between 
adjacent circuit sections. 

[0210] Preferably, the optical device converges laser 
45 light by an angle at which the circuit sections are not 
irradiated with the laser light. When the optical device 
converges the laser light by an angle at which the circuit 
sections are not irradiated with the laser light as such, 
it can prevent the laser light from entering the circuit sec- 
50 tions and protect the circuit sections against the laser 
light. 

[0211] Preferably, the apparatus further comprises 
light-converging point moving means for moving the 
light-converging point in a direction intersecting the op- 
55 tical axis of laser light. When the apparatus further com- 
prises light-converging point moving means for moving 
the light-converging point in a direction intersecting the 
optical axis of laser light as such, a crack can continu- 
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ousty be formed along the moving direction of the light- 
converging point, so that the directional stability of cut- 
ting further improves, whereby the direction of cutting 
can be controlled further easily. 

[Third Example] 

[021 2] A third example of this embodiment will be ex- 
plained. In the third example and a fourth example which 
will be explained later, an object to be processed is ir- 
radiated with laser light such that the direction of linear 
polarization of linearly polarized laser light extends 
along a line along which the object is intended to be cut 
in the object to be processed, whereby a modified region 
is formed in the object to be processed. As a conse- 
quence, in the modified spot formed with a single pulse 
of shot (i.e., a single pulse of laser irradiation) , the size 
in the direction extending along the line along which the 
object is intended to be cut can be made relatively large 
when the laser light is pulse laser light. The inventor has 
confirmed it by an experiment. Conditions for the exper- 
iment are as follows: 

(A) Object to be processed: Pyrex glass wafer (hav- 
ing a thickness of 700 um and an outer diameter of 
4 inches) 

(B) Laser 

Light source: semiconductor laser pumping 
Nd:YAG laser 

Wavelength: 1064 nm 

Laser light spot cross-sectional area: 3.14 x 
lO^cm 2 

Oscillation mode: Q-switch pulse 

Repetition frequency: 100 kHz 

Pulse width: 30 ns 

Output: output < 1 mJ/pulse 

Laser light quality: TEMqq 

Polarization characteristic: linear polarization 

(C) Light-converging lens 

Magnification: x50 
NA: 0.55 

Transmittance with respect to laser light 
wavelength: 60% 

(D) Moving speed of a mounting table mounting the 
object to be processed: 1 00 mm/sec 

[0213] Each of Samples 1 , 2, which was an object to 
be processed, was exposed to a single pulse shot of 
pulse laser light while the light-converging point is locat- 
ed within the object to be processed, whereby a crack 
region caused by multiphoton absorption is formed with- 
in the object to be processed. Sample 1 was irradiated 
with linearly polarized pulse laser light, whereas Sample 
2 was irradiated with circularly polarized pulse laser 
light. 

[021 4] Fig. 33 is a view showing a photograph of Sam- 
ple 1 in plan, whereas Fig. 34 is a view showing a pho- 
tograph of Sample 2 in plan. These planes are an en- 



trance face 209 of pulse laser light. Letters LP and CP 
schematically indicate linear polarization and circular 
polarization, respectively. Fig. 35 is a view schematically 
showing a cross section of Sample 1 shown in Fig. 33 

5 taken along the line XXXV-XXXV. Fig. 36 is a view sche- 
matically showing a cross section of Sample 1 shown in 
Fig. 34 taken along the line XXXVI-XXXVL A crack spot 
90 is formed within a glass wafer 211 which is the object 
to be processed. 

10 [0215] In the case where pulse laser light is linearly 
polarized light, as shown in Fig. 35, the size of crack 
spot 90 formed by a single pulse shot is relatively large 
in the direction aligning with the direction of linear po- 
larization. This indicates that the forming of the crack 

15 spot 90 is accelerated in this direction. When the pulse 
laser light is circularly polarized light, by contrast, the 
size of the crack spot 90 formed by a single pulse shot 
will not become greater in any specific direction as 
shown in Fig. 36. The size of the crack spot 90 in the 

20 direction yielding the maximum length is greater in Sam- 
ple 1 than in Sample 2. 

[021 6] The fact that a crack region extending along a 
line along which the object is intended to be cut can be 
formed efficiently will be explained from these results of 

25 experiment. Figs. 37 and 38 are plan views of crack re- 
gions each formed along a line along which the object 
is intended to be cut in an object to be processed. A 
number of crack spots 90, each formed by a single pulse 
shot, are formed along a line along which the object is 

30 intended to be cut 5, whereby a crack region 9 extending 
along the line along which the object is intended to be 
cut 5 is formed. Fig. 37 shows the crack region 9 formed 
upon irradiation with pulse laser light such that the di- 
rection of linear polarization of pulse laser light aligns 

35 with the line along which the object is intended to be cut 
5. The forming of crack spots 9 is accelerated along the 
direction of the line along which the object is intended 
to be cut 5, whereby their size is relatively large in this 
direction. Therefore, the crack region 9 extending along 

40 the line along which the object is intended to be cut 5 
can be formed by a smaller number of shots. On the 
other hand, Fig. 38 shows the crack region 9 formed up- 
on irradiation with pulse laser light such that the direction 
of linear polarization of pulse laser light is orthogonal to 

45 the line along which the object is intended to be cut 5. 
Since the size of crack spot 90 in the direction of the line 
along which the object is intended to be cut 5 is relatively 
small, the number of shots required for forming the crack 
region 9 becomes greater than that in the case of Fig. 

so 37. Therefore, the method of forming a crack region in 
accordance with this embodiment shown in Fig. 37 can 
form the crack region more efficiently than the method 
shown in Fig. 38 does. 

[0217] Also, since pulse laser light is irradiated while 
55 the direction of linear polarization of pulse laser light is 
orthogonal to the line along which the object is intended 
to be cut 5, the forming of the crack spot 90 formed at 
the shot is accelerated in the width direction of the line 
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along which the object is intended to be cut 5. Therefore, 
when the crack spot 90 extends in the width direction of 
the line along which the object is intended to be cut 5 
too much, the object to be processed cannot precisely 
be cut along the line along which the object is intended 
to be cut 5. By contrast, the crack spot 90 formed at the 
shot does not extend much in directions other than the 
direction aligning with the line along which the object is 
intended to be cut 5 in the method in accordance with 
this embodiment shown in Fig. 37, whereby the object 
to be processed can be cut precisely. 
[021 8] Though making the size in a predetermined di- 
rection relatively large among the sizes of a modified 
region has been explained in the case of linear polari- 
zation, the same holds in elliptical polarization as well. 
Namely, as shown in Fig. 39, the forming of the crack 
spot 90 is accelerated in the direction of major axis b of 
an ellipse representing elliptical polarization EP of laser 
light, whereby the crack spot 90 having a relatively large 
size along this direction can be formed. Hence, when a 
crack region is formed such that the major axis of an 
ellipse indicative of the elliptical polarization of laser el- 
liptically polarized with an ellipticity of othe 1 aligns 
with a line along which the object is intended to be cut 
in the object to be processed, effects similar to those in 
the case of linear polarization occur. Here, the ellipticrty 
is half the length of minor axis a/half the length of major 
axis b. As the ellipticrty is smaller, the size of the crack 
spot 90 along the direction of major axis b becomes 
greater. Linearly polarized light is elliptically polarized 
light with an ellipticrty of zero. Circularly polarized light 
is obtained when the ellipticrty is 1 , which cannot make 
the size of the crack region relatively large in a prede- 
termined direction. Therefore, this embodiment does 
not encompass the case where the ellipticity is 1 . 
[021 9] Though making the size in a predetermined di- 
rection relatively large among the sizes of a modified 
region has been explained in the case of a crack region, 
the same holds in molten processed regions and refrac- 
tive index change regions as well. Also, though pulse 
laser light is explained, the same holds in continuous 
wave laser light as well. The foregoing also hold in a 
fourth example which will be explained later. 
[0220] The laser processing apparatus in accordance 
with the third example of this embodiment will now be 
explained. Fig. 40 is a schematic diagram of this laser 
processing apparatus. The laser processing apparatus 
200 will be explained mainly in terms of its differences 
from the laser processing apparatus 1 00 in accordance 
with the first example shown in Fig. 14. The laser 
processing apparatus 200 comprises an ellipticity regu- 
lator 201 for adjusting the ellipticrty of polarization of la- 
ser light L emitted from a laser light source 101 , and a 
90° rotation regulator 203 for adjusting the rotation of 
polarization of the laser light L emitted from the ellipticity 
regulator 201 by about 90°. 

[0221 ] The ellipticity regulator 201 includes a quarter 
wave plate 207 shown in Fig. 41 . The quarter wave plate 



207 can adjust the ellipticity of elliptically polarized light 
by changing the angle of direction 8. Namely, when light 
with linear polarization LP is made incident on the quar- 
ter wave plate 207, the transmitted light attains elliptical 
5 polarization EP with a predetermined ellipticity. The an- 
gle of direction is an angle formed between the major 
axis of the ellipse and the X axis. As mentioned above, 
a number other than 1 is employed as the ellipticity in 
this embodiment. The ellipticity regulator 201 can make 
10 the polarization of laser light L become elliptically polar- 
ized light EP having a desirable ellipticrty. The ellipticity 
is adjusted in view of the thickness and material of the 
object to be processed 1 , and the like. 
[0222] When irradiating the object to be processed 1 
with laser light L having linear polarization LP, the laser 
light L emitted from the laser light source 101 is linearly 
polarized light LP, whereby the ellipticity regulator 201 
adjusts the angle of direction 0 of the quarter wave plate 
207 such that the laser light L passes through the quar- 
to ter wave plate while being the linearly polarized light LP. 
Also, the laser light source 101 emits linearly polarized 
laser light L, whereby the ellipticity regulator 201 is un- 
necessary when only laser light of linear polarization LP 
is utilized for irradiating the object to be processed with 
25 laser. 

[0223] The 90° rotation regulator 203 includes a half 
wave plate 205 as shown in Fig. 42. The half wave plate 
205 is a wavelength plate for making polarization or- 
thogonal to linearly polarized incident light. Namely, 

30 when linearly polarized light LP^ with an angle of direc- 
tion of 45° is incident on the half wave plate 205, for 
example, transmitted light becomes linearly polarized 
light LP 2 rotated by 90° with respect to the incident light 
LP 1 . When rotating the polarization of laser light L emit- 

35 ted from the ellipticity regulator 201 by 90°, the 90° ro- 
tation regulator 203 operates so as to place the half 
wave plate 205 onto the optical axis of laser light L. 
When not rotating the polarization of laser light L emitted 
from the ellipticity regulator 201 , the 90° rotation regu- 

40 lator 203 operates so as to place the half wave plate 205 
outside the optical path of laser light L (i.e., at a site 
where the laser light L does not pass through the half 
wave plate 205). 

[0224] The dichroic mirror 103 is disposed such that 
45 the laser light L whose rotation of polarization is regu- 
lated by 90° or not by the 90° rotation regulator 203 is 
incident thereon and that the direction of optical axis of 
laser tight L is changed by 90°. The laser processing 
apparatus 200 comprises a 9-axis stage 213 for rotating 
so the X-Y plane of the mounting table 1 07 about the thick- 
ness direction of the object to be processed 1 . The stage 
controller 1 1 5 regulates not only the movement of stag- 
es 109, 111 , 113, but also the movement of stage 213. 
[0225] With reference to Figs. 40 and 43, the laser 
55 processing method in accordance with the third exam- 
ple of this embodiment will now be explained. Fig. 43 is 
a flowchart for explaining this laser processing method. 
The object to be processed 1 is a silicon wafer. Steps 
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S101 toS111 are the same as those of the first example 
shown in Fig. 15. 

[0226] The ellipticity regulator 201 adjusts the elliptic- 
ity of laser light L having linear polarization LP emitted 
from the laser light source 1 01 (S1 21 ). The laser light L 
having elliptical polarization EP with a desirable elliptic- 
ity can be obtained when the angle of direction 6 of the 
quarter wave plate is changed in the ellipticity regulator 
201. 

[0227] First, for processing the object to be processed 
1 along the Y-axis direction, the major axis of an ellipse 
indicative of the elliptical polarization EP of laser light! 
is adjusted so as to coincide with the direction of the line 
along which the object is intended to be cut 5 extending 
in the Y-axis direction of the object to be processed 1 
(S123). This is achieved by rotating the 0-axis stage 
21 3. Therefore, the 6-axis stage 21 3 functions as major 
axis adjusting means or linear polarization adjusting 
means. 

[0228] For processing the object 1 along the Y-axis 
direction, the 90° rotation regulator 203 carries out ad- 
justment which does not rotate the polarization of laser 
light L (S 125). Namely, it operates so as to place the half 
wave plate to the outside of the optical path of laser light 
L. 

[0229] The laser light source 1 01 generates laser light 
L, whereas the line along which the object is intended 
to be cut 5 extending in the Y-axis direction in the surface 
3 of the object to be processed 1 is irradiated with the 
laser light L. Fig. 44 is a plan view of the object 1 . The 
object 1 is irradiated with the laser light L such that the 
major axis indicative of the ellipse of elliptical polariza- 
tion EP of laser light extends along the rightmost line 
along which the object is intended to be cut 5 in the ob- 
ject 1 . Since the light-converging point P of laser light L 
is positioned within the object 1 , molten processed re- 
gions are formed only within the object 1. The Y-axis 
stage 1 1 1 is moved along the line along which the object 
is intended to be cut 5, so as to form a morten processed 
region within the object to be processed 1 along the line 
along which the object is intended to be cut 5. 
[0230] Then , the X-axis stage 1 09 is moved, so as to 
irradiate the neighboring line along which the object is 
intended to be cut 5 with laser light L, and a molten proc- 
essed region is formed within the object 1 along the 
neighboring line along which the object is intended to 
be cut 5 in a manner similar to that mentioned above. 
By repeating this, a molten processed region is formed 
within the object 1 along the lines to be cut 5 succes- 
sively from the right side (S1 27). Fig. 45 shows the case 
where the object 1 is irradiated with the laser light L hav- 
ing linear polarization. Namely, the object 1 is irradiated 
with laser light such that the direction of linear polariza- 
tion LP of laser light extends along the line along which 
the object is intended to be cut 5 in the object 1 . 
[0231] Next, the 90° rotation regulator 203 operates 
so as to place the half wave plate 205 (Fig. 42) onto the 
optical axis of laser light L. This carries out adjustment 



for rotating the polarization of laser light emitted from 
the ellipticity regulator 21 9 by 90° (S219). 
[0232] Subsequently, the laser light 1 01 generates la- 
ser light L, whereas the line along which the object is 

5 intended to be cut extending in the X-axis direction of 
the surface 3 of the object 1 is irradiated with the laser 
light L. Fig. 46 is a plan view of the object 1 . The object 
1 is irradiated with the laser light L such that the direction 
of the major axis of an ellipse indicative of the elliptical 

10 polarization EP of laser light L extends along the lowest 
line along which the object is intended to be cut 5 ex- 
tending in the X-axis direction of the object 1 . Since the 
light-converging point P of laser light L is positioned 
within the object 1 , molten processed regions are 

15 formed only within the object 1 . The X-axis stage 1 09 is 
moved along the line along which the object is intended 
to be cut 5, so as to form a molten processed region 
within the object 1 extending along the line along which 
the object is intended to be cut 5. 

20 [0233] Then, the Y-axis stage is moved, such that the 
immediately upper line along which the object is intend- 
ed to be cut 5 is irradiated with the laser light L, whereby 
a molten processed region is formed within the object 1 
along the line along which the object is intended to be 

25 cut 5 in a manner similar to that mentioned above. By 
repeating this, respective morten processed regions are 
formed within the object 1 along the individual lines to 
be cut successively from the lower side (S131). Fig. 47 
shows the case where the object 1 is irradiated with the 

30 laser light L having linear polarization LP. 

[0234] Then, the object 1 is bent along the lines to be 
cut 5, whereby the object 2 is cut (S133). This divides 
the object 1 into silicon chips. 

[0235] Effects of the third example will be explained. 

35 According to the third example, the object 1 is irradiated 
with pulse laser light L such that the direction of the ma- 
jor axis of an ellipse indicative of the elliptical polariza- 
tion EP of pulse laser light L extends along the lines to 
be cut 5 as shown in Figs. 44 and 46. As a consequence, 

40 the size of crack spots in the direction of lines to be cut 
5 becomes relatively large, whereby crack regions ex- 
tending along lines to be cut can be formed by a smaller 
number of shots. The third example can efficiently form 
crack regions as such, thus being able to improve the 

45 processing speed of the object 1 . Also, the crack spot 
formed at the shot does not extend in directions other 
than the direction aligning with the line along which the 
object is intended to be cut 5, whereby the object 1 can 
be cut precisely along the line along which the object is 

so intended to be cut 5. These results are similar to those, 
of the fourth example which will be explained later. 

[Fourth Example] 

55 [0236] The fourth example of this embodiment will be 
explained mainly in terms of its differences from the third 
example. Fig. 48 is a schematic diagram of this laser 
processing apparatus 300. Among the constituents of 
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the laser processing apparatus 300, those identical to 
constituents of the laser processing apparatus 200 in 
accordance with the third example shown in Fig. 40 will 
be referred to with numerals identical thereto without re- 
peating their overlapping explanations. 
[0237] The laser processing apparatus 300 is not 
equipped with the 90° rotation regulator 203 of the third 
example. A 9-axis stage 21 3 can rotate the X-Y plane 
of a mounting table 1 07 about the thickness direction of 
the object to be processed 1 . This makes the polariza- 
tion of laser light L emitted from the ellipticity regulator 
201 relatively rotate by 90°. 

[0238] The laser processing method in accordance 
with the fourth example of this embodiment will be ex- 
plained. Operations of step S1 0 to step S1 23 in the laser 
processing method in accordance with the third exam- 
ple shown in Fig. 43 are carried out in the fourth example 
as well. The operation of subsequent step S125 is not 
carried out, since the fourth example is not equipped 
with the 90° rotation regulator 203. 
[0239] After step S 1 23, the operation of step S1 27 is 
carried out. The operations carried out so far process 
the object 1 as shown in Fig. 44 in a manner similar to 
that in the third example. Thereafter, the stage controller 
115 regulates the 6-axis stage 213 so as to rotate it by 
90°. The rotation of the 6-axis stage 21 3 rotates the ob- 
ject 1 by 90° in the X-Y plane. Consequently, as shown 
in Fig. 49, the major axis of elliptical polarization EP can 
be caused to align with a line along which the object is 
intended to be cut intersecting the line along which the 
object is intended to be cut 5 having already completed 
the modified region forming step. 
[0240] Then, like step S1 27, the object 1 is irradiated 
with the laser light, whereby molten processed regions 
are formed within the object to be processed 1 along 
lines to be cut 5 successively from the right side. Finally, 
as with step S 1 33, the object 1 is cut, whereby the object 
1 is divided into silicon chips. 

[0241] The third and fourth examples of this embodi- 
ment explained in the foregoing relate to the forming of 
modified regions by multi photon absorption. However, 
the present invention may cut the object to be processed 
by irradiating it with laser light while locating its light- 
converging point within the object so as to make the ma- 
jor axis direction of an ellipse indicative of elliptical po- 
larization extend along a line along which the object is 
intended to be cut in the object without forming modified 
regions caused by multiphoton absorption. This can al- 
so cut the object along the line along which the object 
is intended to be cut efficiently. 

[Fifth Example] 

[0242] In a fifth example of this embodiment and sixth 
and seventh examples thereof, which will be explained 
later, sizes of modified spots are controlled by regulating 
the magnitude of power of pulse laser light and the size 
of numerical aperture of an optical system including a 



light-converging lens. The modified spot refers to a mod- 
ified part formed by a single pulse shot of pulse laser 
light (i.e., one pulse laser irradiation), whereas an as- 
sembly of modified spots forms a modified region. The 
necessity to control the sizes of modified spots will be 
explained with respect to crack spots by way of exam- 
ple. 

[0243] When a crack spot is too large, the accuracy 
of cutting an object to be cut along a line along which 
the object is intended to be cut decreases, and the flat- 
ness of the cross section deteriorates. This will be ex- 
plained with reference to Figs. 50 to 55. Fig. 50 is a plan 
view of an object to be processed 1 in the case where 
crack spots are formed relatively large by using the laser 
processing method in accordance with this embodi- 
ment. Fig. 51 is a sectional view taken along LI-LI on the 
line along which the object is intended to be cut 5 in Fig. 
50. Figs. 52, 53, and 54 are sectional views taken along 
lines LII-LII, LIII-LIII, and LIV-LIV orthogonal to the line 
along which the object is intended to be cut 5 in Fig. 50, 
respectively. As can be seen from these drawings, the 
deviation in sizes of crack spots 9 becomes greater 
when the crack spots 90 are too large. Therefore, as 
shown in Fig. 55, the accuracy of cutting the object 1 
along the line along which the object is intended to be 
cut 5 becomes lower. Also, irregularities of cross sec- 
tions 43 in the object 1 become so large that the flatness 
of the cross section 43 deteriorates. When crack spots 
90 are formed relatively small (e.g., 20 u.m or less) by 
using the laser processing apparatus in accordance with 
this embodiment, by contrast, crack spots 90 can be 
formed uniformly and can be restrained from widening 
in directions deviating from that of the line along which 
the object is intended to be cut as shown in Fig. 56. 
Therefore, as shown in Fig. 57, the accuracy of cutting 
the object 1 along the line along which the object is in- 
tended to be cut 5 and the flatness of cross sections 43 
can be improved as shown in Fig. 57. 
[0244] When crack spots are too large as such, pre- 
cise cutting along a line along which the object is intend- 
ed to be cut and cutting for yielding a flat cross section 
cannot be carried out. If crack spots are extremely small 
with respect to an object to be processed having a large 
thickness, however, the object will be hard to cut. 
[0245] The fact thatthis embodiment can control sizes 
of crack spots will be explained. As shown in Fig. 7, 
when the peak power density is the same, the size of a 
crack spot in the case where the light-converging lens 
has a magnification of x1 0 and an NA of 0.8 is smaller 
than that of a crack spot in the case where the light- 
converging lens has a magnification of x50 and an NA 
of 0.55. The peak power density is proportional to the 
energy of laser light per pulse, i.e., the power of pulse 
laser light, as explained above, whereby the same peak 
power density means the same laser light power. When 
the laser light power is the same while the beam spot 
cross-sectional area is the same, sizes of crack spots 
can be regulated so as to become smaller (greater) as 
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the numerical aperture of a light-converging lens is 
greater (smaller). 

[0246] Also, even when the numerical aperture of the 
light-converging lens is the same, sizes of crack spots 
can be regulated so as to become smaller and larger s 
when the laser light power (peak power density) is made 
lower and higher, respectively. 
[0247] Therefore, as can be seen from the graph 
shown in Fig. 7, sizes of crack spots can be regulated 
so as to become smaller when the numerical aperture 
of a light-converging lens is made greater or the laser 
light power is made tower. On the contrary, sizes of crack 
spots can be regulated so as to become greater when 
the numerical aperture of a light-converging lens is 
made smaller or when the laser light power is made 
higher. 

[0248] The crack spot size control will further be ex- 
plained with reference to the drawings. The example 
shown in Fig. 58 is a sectional view of an object to be 
processed 1 within which pulse laser light L is converged 
by use of a light-converging lens having a predeter- 
mined numerical aperture. Regions 41 are those having 
yielded an electric field intensity at a threshold for caus- 
ing multiphoton absorption or higher by this laser irradi- 
ation. Fig. 59 is a sectional view of a crack spot 90 
formed due to the multiphoton absorption caused by ir- 
radiation with the laser light L. On the other hand, the 
example shown in Fig. 60 is a sectional view of an object 
to be processed 1 within which pulse laser light L is con- 
verged by use of a light-converging lens having a nu- 
merical aperture greater than that in the example shown 
in Fig. 58. Fig. 61 is a sectional view of a crack spot 90 
formed due to the multiphoton absorption caused by ir- 
radiation with the laser light L. The height h of crack spot 
90 depends on the size of regions 41 in the thickness 
direction of the object 1 , whereas the width w of crack 
spot 90 depends on the size of regions 41 in a direction 
orthogonal to the thickness direction of the object 1 . 
Namely, when these sizes of regions 41 are made small- 
er and greater, the height h and width w of crack spot 
90 can be made smaller and greater, respectively. As 
can be seen when Figs. 59 and 61 are compared with 
each other, in the case where the laser light power is the 
same, the sizes of height h and width w of crack spot 90 
can be regulated so as to become smaller (greater) 
when the numerical aperture of a light-converging lens 
is made greater (smaller). 

[0249] The example shown in Fig. 62 is a sectional 
view of an object to be processed 1 within which pulse 
laser light L having a power lower than that in the exam- 
ple shown in Fig. 58 is converged. In the example shown 
in Fig. 62, since the laser light power is made lower, the 
area of regions 41 is smaller than that of regions 41 
shown in Fig. 58. Fig. 63 is a sectional view of a crack 
spot 90 formed due to the multiphoton absorption 
caused by irradiation with the laser light L. As can be 
seen when Figs. 59 and 63 are compared with each oth- 
er, in the case where the numerical aperture of the light- 



converging lens is the same, the sizes of height h and 
width w of crack spot 90 can be regulated so as to be- 
come smaller (greater) when the laser light power is 
made lower (higher). 

[0250] The example shown in Fig. 64 is a sectional 
view of an object to be processed 1 within which pulse 
laser light L having a power lower than that in the exam- 
ple shown in Fig. 60 is converged. Fig. 65 is a sectional 
view of a crack spot 90 formed due to the multiphoton 
absorption caused by irradiation with the laser light L. 
As can be seen when Figs. 59 and 65 are compared 
with each other, the sizes of height h and width w of 
crack spot 90 can be regulated so as to become smaller 
(greater) when the numerical aperture of the light-con- 
verging lens is made greater (smaller) while the laser 
light power is made lower (higher). 
[0251] Meanwhile, the regions 41 indicative of those 
yielding an electric field intensity at a threshold for elec- 
tric field intensity capable of forming a crack spot or high- 
er are restricted to the light-converging point P and its 
vicinity due to the following reason: Since a laser light 
source with a high beam quality is utilized, this embod- 
iment achieves a high convergence of laser light and 
can converge light up to about the wavelength of laser 
light. As a conseguence, the beam profile of this laser 
light attains a Gaussian distribution, whereby the elec- 
tric field intensity is distributed so as to become the high- 
est at the center of the beam and gradually lowers as 
the distance from the center increases. The laser light 
is basically converged in the state of a Gaussian distri- 
bution in the process of being converged by a fight-con- 
verging lens in practice as well. Therefore, the regions 
41 are restricted to the light-converging point P and its 
vicinity. 

[0252] As in the foregoing, this embodiment can con- 
trol sizes of crack spots. Sizes of crack spots are deter- 
mined ?n view of a requirement for a degree of precise 
cutting, a requirement for a degree of flatness in cross 
sections, and the magnitude of thickness of the object 
to be processed. Sizes of crack spots can be determined 
in view of the material of an object to be processed as 
well. This embodiment can control sizes of modified 
spots, thus making it possible to carry out precise cutting 
along a line along which the object is intended to be cut 
and yield a favorable flatness in cross sections by mak- 
ing modified spots smaller for objects to be processed 
having a relatively small thickness. Also, by making 
modified spots greater, it enables cutting of objects to 
be processed having a relatively large thickness. 
[0253] There are cases where an object to be proc- 
essed has respective directions easy and hard to cut 
due to the crystal orientation of the object, for example. 
When cutting such an object, the size of crack spots 90 
formed in the easy-to-cut direction is made greater as 
shown in Figs. 56 and 57, for example. When the direc- 
tion of a line along which the object is intended to be cut 
orthogonal to the line along which the object is intended 
to be cut 5 is a hard-to-cut direction, on the other hand, 
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the size of crack spots 90 formed in this direction is 
made greater as shown in Figs. 57 and 66. Here, Fig. 
66 is a sectional view of the object 1 shown in Fig. 57 
taken along LXVI-LXVI. Hence, a flat cross section can 
be obtained in the easy-to-cut direction, while cutting is 
possible in the hard-to-cut direction as well. 
[0254] Thou gh the fact that sizes of modified spots are 
controllable has been explained in the case of crack 
spots, the same holds in melting spots and refractive 
index change spots. For example, the power of pulse 
laser light can be expressed by energy per pulse (J), or 
average output (W) which is a value obtained by multi- 
plying the energy per pulse by the frequency of laser 
light. The foregoing holds in sixth and seventh examples 
which will be explained later. 

[0255] The laser processing apparatus in accordance 
with the fifth example of this embodiment will be ex- 
plained. Fig. 67 is a schematic diagram of this laser 
processing apparatus 400. The laser processing appa- 
ratus 400 will be explained mainly in terms of its differ- 
ences from the laser processing apparatus 100 in ac- 
cordance with the first example shown in Fig. 14. 
[0256] The laser processing apparatus 400 compris- 
es a power regulator 401 for-adjusting the power of laser 
light L emitted from a laser light source 1 01 . The power 
regulator 401 comprises, for example, a plurality of ND 
(neutral density) filters, and a mechanism for moving the 
individual ND filters to positions perpendicular to the op- 
tical axis of the laser light L and to the outside of the 
optical path of laser light L An ND filter is a filter which 
reduces the intensity of light without changing the rela- 
tive spectral distribution of energy. A plurality of ND fil- 
ters have respective extinction factors different from 
each other. By using one of a plurality of ND filters or 
combining some of them, the power regulator 401 ad- 
justs the power of laser light L emitted from the laser 
light source 1 01 . Here, a plurality of ND filters may have 
the same extinction factor, and the power regulator 401 
may change the number of ND filters to be moved to 
positions perpendicular to the optical axis of laser light 
L, so as to adjust the power of laser light L emitted from 
the laser light source 1 01 . 

[0257] The power regulator 401 may comprise a po- 
larization filter disposed perpendicular to the optical axis 
of linearly polarized laser light L, and a mechanism for 
rotating the polarization filter about the optical axis of 
laser light L by a desirable angle. Rotating the polariza- 
tion filter about the optical axis by a desirable angle in 
the power regulator 401 adjusts the power of laser light 
L emitted from the laser light source 101 . 
[0258] Here, the driving current for a pumping semi- 
conductor laser in the laser light source 1 01 can be reg- 
ulated by a laser light source controller 102 which is an 
example of driving current control means, so as to reg- 
ulate the power of laser light L emitted from the laser 
light source 101. Therefore, the power of laser light L 
can be adjusted by at least one of the power regulator 
401 and laser light source controller 102. If the size of 



a modified region can attain a desirable value due to the 
adjustment of power of laser light L by the laser light 
source controller 102 alone, the power regulator 401 is 
unnecessary. The power adjustment explained in the 

5 foregoing is effected when an operator of the laser 
processing apparatus inputs the magnitude of power in- 
to an overall controller 1 27, which will be explained later, 
by using a keyboard or the like. 
[0259] The laser processing apparatus 400 further 

io comprises a dichroic mirror 1 03 disposed such that the 
laser light L whose power is adjusted by the power reg- 
ulator 401 is incident thereon whereas the orientation of 
the optical axis of laser light L is changed by 90°; a lens 
selecting mechanism 403 including a plurality of light- 

is converging lenses for converging the laser light L re- 
flected by the dichroic mirror 103; and a lens selecting 
mechanism controller 405 for controlling the lens select- 
ing mechanism 403. 

[0260] The lens selecting mechanism 403 comprises 

20 light-converging lenses 1 05a, 1 05b, 1 05c, and a support 
plate 407 for supporting them. The numerical apertures 
of respective optical systems including the light-con- 
verging lenses 1 05a, 1 05b, 1 05c differ from each other. 
According to a signal from the lens selecting mechanism 

25 controller 405, the lens selecting mechanism 403 ro- 
tates the support plate 407, thereby causing a desirable 
light-converging lens among the light-converging lenses 
105a, 105b, 105c to be placed onto the optical axis of 
laser light L. Namely, the lens selecting mechanism 403 

30 is of revolver type. 

[0261] The number of light-converging lenses at- 
tached to the lens selecting mechanism 403 is not re- 
stricted to 3 but may be other numbers. When the oper- 
ator of the laser processing apparatus inputs a size of 

35 numerical aperture or an instruction for choosing one of 
the light-converging lenses 105a, 105b, 105c into the 
overall controller 127, which will be explained later, by 
using a keyboard or the like, the light-converging lens is 
chosen, namely, the numerical aperture is chosen. 

40 [0262] Mounted on the mounting table 1 07 of the laser 
processing apparatus 400 is an object to be processed 
1 irradiated with the laser light L converged by one of 
the light-converging lenses 105a to 105c which is dis- 
posed on the optical axis of laser light L. 

45 [0263] The overall controller 127 is electrically con- 
nected to the power regulator 401 . Fig. 67 does not de- 
pict it. When the magnitude of power is fed into the over- 
all controller 127, the latter controls the power regulator 
401 , thereby adjusting the power. 

so [0264] Fig. 68 is a block diagram showing a part of an 
example of the overall controller 127. The overall con- 
troller 127 comprises a size selector 411 , a correlation 
storing section 413, and an image preparing section 
415. The operator of the laser processing apparatus in- 

55 puts the magnitude of power of pulse laser light or the 
size of numerical aperture of the optical system includ- 
ing the light-converging lens to the size selector 411 by 
using a keyboard or the like. In this example, the input 
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may choose one of the light-converging lenses 105a, 
105b, 1 05c instead of the numerical aperture size being 
directly inputted. In this case, the respective numerical 
apertures of the light-converging lenses 105a, 105b, 
105c are registered in the overall controller 127 before- 
hand, and data of the numerical aperture of the optical 
system including the chosen light-converging lens is au- 
tomatically fed into the size selector 411 . 
[0265] The correlation storing section 41 3 has stored 
the correlation between the set of pulse laser power 
magnitude and numerical aperture size and the size of 
modified spot beforehand. Fig. 69 is an example of table 
showing this con-elation, in this example, respective nu- 
merical apertures of the optical systems including the 
light-converging lenses 1 05a, 1 05b, 105c are registered 
in the column for numerical aperture. In the column for 
power, magnitudes of power attained by the power reg- 
ulator 401 are registered. In the column for size, sizes 
of modified spots formed by combinations of powers of 
their corresponding sets and numerical apertures are 
registered. For example, the modified spot f ormed when 
the power is 1.24 x 10 11 (W/cm 2 ) while the numerical 
aperture is 0.55 has a size of 120 jim. The data of this 
correlation can be obtained by carrying out experiments 
explained in Figs. 58 to 65 before laser processing, for 
example. 

[0266] When the magnitude of power and numerical 
aperture size are fed into the size selector 411 , the latter 
chooses the set having their corresponding values from 
the correlation storing section 413, and sends data of 
size corresponding to this set to the monitor 129. As a 
consequence, the size of a modified spot formed at thus 
inputted magnitude of power and numerical aperture 
size is displayed on the monitor 1 29. If there is no set 
corresponding to these values, size data corresponding 
to a set having the closest values is sent to the monitor 
129. 

[0267] The data of size corresponding to the set cho- 
sen by the size selector 41 1 is sent from the size selector 
411 to the image preparing section 415. According to 
this size data, the image preparing section 41 5 prepares 
image data of a modified spot in this size, and sends 
thus prepared data to the monitor 129. As a conse- 
quence, an image of the modified spot is also displayed 
on the monitor 1 29. Hence, the size and form of modified 
spot can be seen before laser processing. 
[0268] The size of numerical aperture may be made 
variable while the magnitude of power is fixed. The table 
in this case will be as shown in Fig. 70. For example, 
the modified spot formed when the numerical aperture 
is 0.55 while the power is fixed at 1 .49 x 10 11 (W/cm 2 ) 
has a size of 150 um. Alternatively, the magnitude of 
power may be made variable while the size of numerical 
aperture is fixed. The table in this case will be as shown 
in Fig. 71 . For example, the modified spot formed when 
the power is fixed at 1 .19 x 1 0 11 (W/cm 2 ) while the nu- 
merical aperture is fixed at 0.8 has a size of 30 ym. 
[0269] The laser processing method in accordance 



with the fifth example of this embodiment will now be 
explained with reference to Fig. 67. The object to be 
processed 1 is a silicon wafer. In the fifth example, op- 
erations of steps S1 01 to S1 11 are carried out as in the 
s laser processing method in accordance with the first ex- 
ample shown in Fig. 15. 

[0270] After step S111 , the magnitude of power and 
numerical aperture size are fed into the overall controller 
1 27 as explained above. According to the data of power 

10 inputted, the power of laser light L is adjusted by the 
power regulator 401 . According to the data of numerical 
aperture inputted, the lens selecting mechanism 403 
chooses a light-converging lens by way of the lens se- 
lecting mechanism controller 405, thereby adjusting the 

15 numerical aperture. These data are also fed into the size 
selector 411 of the overall controller 127 (Fig. 68). As a 
consequence, the size and form of a melting spot 
formed within the object 1 upon irradiation of one pulse 
of laser light L are displayed on the monitor 129. 

20 [0271] Then, operations of steps S113 to S115 are 
carried out as in the laser processing method in accord- 
ance with the first example shown in Fig. 15. This divides 
the object 1 into silicon chips. 

25 [Sixth Example) 

[0272] A sixth example of this embodiment will now 
be explained mainly in terms of its differences from the 
fifth example. Fig. 72 is a schematic diagram of this laser 

30 processing apparatus 500. Among the constituents of 
the laser processing apparatus 500, those identical to 
constituents of the laser processing apparatus 400 in 
accordance with the fifth example shown in Fig. 67 are 
referred to with numerals identical thereto without re- 

35 peating their overlapping explanations. 

[0273] In the laser processing apparatus 500, a beam 
expander 501 is disposed on the optical axis of laser 
light L between a power regulator 401 and a dichroic 
mirror 1 03. The beam expander501 has a variable mag- 

40 nification, and is regulated by the beam expander 501 
so as to increase the beam diameter of laser light L. The 
beam expander 501 is an example of numerical aper- 
ture regulating means. The laser processing apparatus 
500 is equipped with a single light-converging lens 105 

45 instead of the lens selecting mechanism 403. 

[0274] The operations of the laser processing appa- 
ratus 500 differ from those of the laser processing ap- 
paratus of the fifth example in the adjustment of numer- 
ical aperture based on the magnitude of numerical ap- 

50 erture fed into the overall controller 1 27. This will be ex- 
plained in the following. The overall controller 127 is 
electrically connected to the beam expander 501 . Fig. 
72 does not depict this. When the size of numerical ap- 
erture is fed into the overall controller 127, the latter car- 

55 ries out control for changing the magnitude of beam ex- 
pander 501 . This regulates the magnification of beam 
diameter of the laser light L incident on the light-con- 
verging lens 105. Therefore, with only one light-con- 
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verging lens 105, adjustment for increasing the numer- 
ical aperture of the optical system including the light- 
converging lens 105 is possible. This will be explained 
with reference to Figs. 73 and 74. 
[0275] Fig. 73 is a view showing the convergence of 
laser light L effected by the light-converging lens 105 
when the beam expander 501 is not provided. On the 
other hand, Fig. 74 is a view showing the convergence 
of laser light L effected by the light-converging lens 1 05 
when the beam expander 501 is provided. As can be 
seen when Figs. 73 and 74 are compared with each oth- 
er, the sixth example can achieve adjustment so as to 
increase the numerical aperture with reference to the 
numerical aperture of the optical system including the 
light-converging lens 105 in the case where the beam 
expander 501 is not provided. 

[Seventh Example] 

[0276] A seventh example of this embodiment will 
now be explained mainly in terms of its differences from 
the fifth and sixth examples. Fig. 75 is a schematic dia- 
gram of this laser processing apparatus 600. Among the 
constituents of the laser processing apparatus 600, 
those identical to constituents of the laser processing 
apparatus in accordance with the fifth and sixth exam- 
ples are referred to with numerals identical thereto with- 
out repeating their overlapping explanations. 
[0277] In the laser processing apparatus 600, an iris 
diaphragm 601 is disposed on the optical axis of laser 
light L instead of the beam expander 501 between a di- 
chroic mirror 103 and a light-converging lens 105. 
Changing the aperture size of the iris diaphragm 601 
adjusts the effective diameter of the light-converging 
lens 105. The iris diaphragm 601 is an example of nu- 
merical aperture regulating means. The laser process- 
ing apparatus 600 further comprises an iris diaphragm 
controller 603 for changing the aperture size of the iris 
diaphragm 601 . The iris diaphragm controller 603 is 
controlled by an overall controller 127. 
[0278] The operations of the laser processing appa- 
ratus 600 differ from those of the laser processing ap- 
paratus of the fifth and sixth examples in the adjustment 
of numerical aperture based on the size of numerical 
aperture fed into the overall controller 1 27. According to 
the inputted size of numerical aperture, the laser 
processing apparatus 600 changes the size of aperture 
of the iris diaphragm 601 , thereby carrying out adjust- 
ment for decreasing the effective diameter of the light- 
converging lens 105. Therefore, with only one light-con- 
verging lens 1 05, adjustment for decreasing the numer- 
ical aperture of the optical system including the light- 
converging lens 105 is possible. This will be explained 
with reference to Figs. 76 and 77. 
[0279] Fig. 76 is a view showing the convergence of 
laser light L effected by the light-converging lens 1 05 
when no iris diaphragm is provided. On the other hand, 
Fig. 77 is a view showing the convergence of laser light 



L effected by the light-converging lens 1 05 when the iris 
diaphragm 601 is provided. As can be seen when Figs. 
76 and 77 are compared with each other, the seventh 
example can achieve adjustment so as to increase the 
5 numerical aperture with reference to the numerical ap- 
erture of the optical system including the light-converg- 
ing lens 1 05 in the case where the iris diaphragm is not 
provided. 

[0280] Modified examples of the fifth to seventh ex- 

10 amples of this embodiment will now be explained. Fig. 
78 is a block diagram of the overall controller 127 pro- 
vided in a modified example of the laser processing ap- 
paratus in accordance with this embodiment. The over- 
all controller 127 comprises a power selector 41 7 and a 

is con-elation storing section 413. The correlation storing 
section 413 has already stored the correlation data 
shown in Fig. 71 . An operator of the laser processing 
apparatus inputs a desirable size of a modified spot to 
the power selector 417 by a keyboard or the like. The 

20 size of modified spot is determined in view of the thick- 
ness and material of the object to be modified and the 
like. According to this input, the power selector 41 7 
chooses a power corresponding to the value of size 
identical to thus inputted size from the correlation storing 

25 section 413, and sends it to the power regulator 401. 
Therefore, when the laser processing apparatus regu- 
lated to this magnitude of power is used for laser 
processing, a modified spot having a desirable size can 
be formed. The data concerning this magnitude of pow- 

30 er is also sent to the monitor 129, whereby the magni- 
tude of power is displayed. In this example, the numer- 
ical aperture is fixed while power is variable. If no size 
at the value identical to that of thus inputted value is 
stored in the correlation storing section 413, power data 

35 corresponding to a size having the closest value is sent 
to the power regulator 401 and the monitor 1 29. This is 
the same in the modified examples explained in the fol- 
lowing. 

[0281] Fig. 79 is a block diagram of the overall con- 

40 troller 127 provided in another modified example of the 
laser processing apparatus in accordance with this em- 
bodiment. The overall controller 127 comprises a nu- 
merical aperture selector 419 and a correlation storing 
section 413. It differs from the modified example of Fig. 

45 78 in that the numerical aperture is chosen instead of 
the power. The correlation storing section 41 3 has al- 
ready stored the data shown in Fig. 70. An operator of 
the laser processing apparatus inputs a desirable size 
of a modified spot to the numerical aperture selector 41 9 

50 by using a keyboard or the like. As a consequence, the 
numerical aperture selector 419 chooses a numerical 
aperture corresponding to a size having a value identical 
to that of the inputted size from the correlation storing 
section 413, and sends data of this numerical aperture 

55 to the lens selecting mechanism controller 405, beam 
expander 501 , or iris diaphragm controller 603. There- 
fore, when the laser processing apparatus regulated to 
this size of numerical aperture is used for laser process- 
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ing, a modified spot having a desirable size can be 
formed. The data concerning this numerical aperture is 
also sent to the monitor 1 29, whereby the size of numer- 
ical aperture is displayed. In this example, the power is 
fixed while numerical aperture is variable. 
[0282] Fig. 80 is a block diagram of the overall con- 
troller 127 provided in still another modified example of 
the laser processing apparatus in accordance with this 
embodiment. The overall controller 1 27 comprises a set 
selector 421 and a correlation storing section 413. It dif- 
fers from the examples of Figs. 78 and 79 in that both 
power and numerical aperture are chosen. The correla- 
tion storing section 413 has stored the correlation be- 
tween the set of power and numerical aperture and the 
size in Fig. 69 beforehand. An operator of the laser 
processing apparatus inputs a desirable size of a mod- 
ified spot to the set selector 421 by using a keyboard or 
the like. As a consequence, the set selector 421 choos- 
es a set of power and numerical aperture corresponding 
to thus inputted size from the correlation storing section 
41 3. Data of power in thus chosen set is sent to the pow- 
er regulator 401. On the other hand, data of numerical 
aperture in the chosen set is sent to the lens selecting 
mechanism controller 405, beam expander 501 , or iris 
diaphragm controller 603. Therefore, when the laser 
processing apparatus regulated to the power and nu- 
merical aperture of this set is used for laser processing, 
a modified spot having a desirable size can be formed. 
The data concerning the magnitude of power and size 
of numerical aperture is also sent to the monitor 129, 
whereby the magnitude of power and size of numerical 
aperture is displayed. 

[0283] These modified examples can control sizes of 
modified spots. Therefore, when the size of a modified 
spot is made smaller, the object to be processed can 
precisely be cut along a line along which the object is 
intended to be cut therein, and a flat cross section can 
be obtained. When the object to be cut has a large thick- 
ness, the size of modified spot can be enhanced, where- 
by the object can be cut. 

[Eighth Example] 

[0284] An eighth example of this embodiment controls 
the distance between a modified spot formed by one 
pulse of laser light and a modified spot formed by the 
next one pulse of pulse laser light by regulating the mag- 
nitude of a repetition frequency of pulse laser light and 
the magnitude of relative moving speed of the light-con- 
verging point of pulse laser light. Namely, it controls the 
distance between adjacent modified spots. In the follow- 
ing explanation, the distance is assumed to be a pitch 
p. The control of pitch p will be explained in terms of a 
crack region by way of example. 
[0285] Let f (Hz) be the repetition frequency of pulse 
laser light, and v (mm/sec) be the moving speed of the 
X-axis stage or Y-axis stage of the object to be proc- 
essed. The moving speeds of these stages are exam- 



ples of relative moving speed of the light-converging 
point of pulse laser light. The crack part formed by one 
shot of pulse laser light is referred to as crack spot. 
Therefore, the number n of crack spots formed per unit 
5 length of the line along which the object is intended to 
be cut 5 is as follows: 

n = f/v. 

10 

[0286] The reciprocal of the number n of crack spots 
formed per unit length corresponds to the pitch p: 



[0287] Hence, the pitch p can be controlled when at 
least one of the magnitude of repetition frequency of 
• pulse laser light and the magnitude of relative moving 

20 speed of the light-converging point is regulated. Namely, 
the pitch p can be controlled so as to become smaller 
when the repetition frequency f (Hz) is increased or 
when the stage moving speed v (mm/sec) is decreased. 
By contrast, the pitch p can be controlled so as to be- 

25 come greater when the repetition frequency f (Hz) is de- 
creased or when the stage moving speed v (mm/sec) is 
increased. 

[0288] Meanwhile, there are three ways of relation 
ship between the pitch p and crack spot size in the di- 

30 rection of line along which the object is intended to be 
cut 5 as shown in Figs. 81 to 83. Figs. 81 to 83 are plan 
views of an object to be processed along the line along 
which the object is intended to be cut 5, which is formed 
with a crack region by the laser processing in accord- 

35 ance with this embodiment. A crack spot 90 is formed 
by one pulse of pulse laser light. Forming a plurality of 
crack spots 90 aligning each other along the line along 
which the object is intended to be cut 5 yields a crack 
region 9. 

40 [0289] Fig. 81 shows a case where the pitch p is great- 
er than the size d. The crack region 9 is formed discon- 
tinuously along the line along which the object is intend- 
ed to be cut 5 within the object to be processed. Fig. 82 
shows a case where the pitch p substantially equals the 

45 size d. The crack region 9 is formed continuously along 
the line along which the object is intended to be cut 5 
within the object to be processed. Fig. 83 shows a case 
where the pitch p is smaller than the size d. The crack 
region 9 is formed continuously along the line along 

so which the object is intended to be cut 5 within the object 
to be processed. 

[0290] In Fig. 81 , the crack region 9 is not continuous 
along the line along which the object is intended to be 
cut 5, whereby the part of line along which the object is 
55 intended to be cut 5 keeps a strength to some extent. 
Therefore, when carrying out a step of cutting the object 
to be processed after laser processing, handling of the 
object becomes easier. In Figs. 82 and 83, the crack re- 
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gion 9 is continuously formed along the line along which 
the object is intended to be cut 5, which makes it easy 
to cut the object while using the crack region 9 as a start- 
ing point. 

[0291J Tne P ftcn P te made greater than the size d in 
Fig. 81, and substantially equals the size d in Fig. 82, 
whereby regions generating multiphoton absorption up- 
on irradiation with pulse laser light can be prevented 
from being superposed on crack spots 90 which have 
already been formed. As a result, deviations in sizes of 
crack spots 90 can be made smaller. Namely, the inven- 
tor has found that, when a region generating multipho- 
ton absorption upon irradiation with pulse laser light is 
superposed on crack spots 90 which have already been 
formed, deviations in sizes of crack spots 90 formed in 
this region become greater. When deviations in sizes of 
crack spots 90 become greater, it becomes harder to 
cut the object along a line along which the object is in- 
tended to be cut precisely, and the flatness of cross sec- 
tion deteriorates. In Figs. 81 and 82, deviations in sizes 
of crack spots can be made smaller, whereby the object 
to be processed can be cut along the line along which 
the object is intended to be cut precisely, while cross 
sections can be made flat. 

[0292] As explained in the foregoing, the eighth ex- 
ample of this embodiment can control the pitch p by reg- 
ulating the magnitude of repetition frequency of pulse 
laser light or magnitude of relative moving speed of the 
light-converging point of pulse laser light. This enables 
laser processing in conformity to the object to be proc- 
essed by changing the pitch p in view of the thickness 
and material of the object and the like. 
[0293] Though the fact that the pitch p can be control- 
led is explained in the case of crack spots, the same 
holds in melting spots and refractive index change 
spots. However, there are no problems even when melt- 
ing spots and refractive index change spots are super- 
posed on those which have already been formed. The 
relative movement of the light-converging point of pulse 
laser light may be realized by a case where the object 
to be processed is moved while the light-converging 
point of pulse laser light is fixed, a case where the light- 
converging point of pulse laser light is moved while the 
object is fixed, a case where the object and the light- 
converging point of pulse laser light are moved in direc- 
tions opposite from each other, and a case where the 
object and the light-converging point of pulse laser light 
are moved in the same direction with their respective 
speeds different from each other. 
[0294] With reference to Fig. 14, the laser processing 
apparatus in accordance with the eighth example of this 
embodiment will be explained mainly in terms of its dif- 
ferences from the laser processing apparatus 1 00 in ac- 
cordance with the first example shown in Fig. 14. The 
laser light source 101 is a Q-switch laser. Fig. 84 is a 
schematic diagram of the Q-switch laser provided in a 
laser light source 101. The Q-switch laser comprises 
mirrors 51 , 53 which are disposed with a predetermined 



gap therebetween, a laser medium 55 disposed be- 
tween the mirrors 51 and 53, a pumping source 57 for 
applying a pumping input to the laser medium 55, and 
a Q-switch 59 disposed between the laser medium 55 
5 and the mirror 51 . The material of the laser medium 55 
is Nd:YAG, for example. 

[0295] A pumping input is applied from the pumping 
source 57 to the laser medium 55 in a state where the 
loss in a resonator is made high by utilizing the Q-switch 

10 59, whereby the population inversion of the laser medi- 
um 55 is raised to a predetermined value. Thereafter, 
the Q-switch 59 is utilized for placing the resonator into 
a state with a low loss, so as to oscillate the accumulated 
energy instantaneously and generate pulse laser light 
L. A signal S (e.g., a change in a repetition frequency of 
an ultrasonic pulse) from a laser light source controller 
102 controls the Q-switch 59 so as to make it attain a 
high state. Therefore, the signal S from the laser light 
source controller 102 can regulate the repetition fre- 

20 quency of pulse laser light L emitted from the laser light 
source 101 . The laser light source controller 102 is an 
example of frequency adjusting means. The repetition 
frequency is regulated when an operator of the laser 
processing apparatus inputs the magnitude of repetition 

25 frequency to an overall controller 1 27, which will be ex- 
plained later, by using a keyboard or the like. The fore- 
going are details of the laser light source 1 01 . 
[0296] During the laser processing, the object to be 
processed 1 is moved in the X- or Y-axis direction, so 

30 as to form a modified region along a line along which 
the object is intended to be cut. Therefore, when forming 
a modified region in the X-axis direction, the speed of 
relative movement of the light-converging point of laser 
light can be adjusted by regulating the moving speed of 

35 the X-axis stage 109. When forming a modified region 
in the Y-axis direction, on the other hand, the speed of 
relative movement of the light-converging point of laser 
light can be adjusted by regulating the moving speed of 
the Y-axis stage 111 . The adjustment of the respective 

40 moving speeds of these stages is controlled by the stage 
controller 115. The stage controller 115 is an example 
of speed adjusting means. The speed is regulated when 
the operator of laser processing apparatus inputs the 
magnitude of speed to the overall controller 127, which 

45 will be explained later, by using a keyboard or the like. 
The speed of relative movement of the light-converging 
point of pulse laser light can be adjusted when, while 
the light-converging point P is made movable, its moving 
speed is regulated. 

50 [Q297] The overall controller 1 27 of the laser process- 
ing apparatus in accordance with the eighth example 
further adds other functions to the overall controller 127 
of the laser processing apparatus in accordance with the 
first example. Fig. 85 is a block diagram showing a part 

55 of an example of the overall controller 127 of the laser 
processing apparatus in accordance with the eighth ex- 
ample. The overall controller 127 comprises a distance 
calculating section 141 , a size storing section 143, and 
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an image preparing section 145. To the distance calcu- 
lating section 1 41 , the magnitude of repetition frequency 
of pulse laser light and respective magnitudes of moving 
speeds of the stages 1 09, 1 1 1 are inputted. These inputs 
are effected by the operator of laser processing appa- 5 
ratus using a keyboard or the like. 
[0298] The distance calculating section 141 calcu- 
lates the distance (pitch) between adjacent spots by uti- 
lizing the above-mentioned expressions (n = f/v, and p 
= 1/n). The distance calculating section 141 sends this 
distance data to the monitor 129. As a consequence, 
the distance between modified spots formed at the in- 
putted magnitudes of frequency and speed is displayed 
on the monitor 129. 

[0299] The distance data is also sent to the image pre- 
paring section 145. The size storing section 143 has al- 
ready stored therein sizes of modified spots formed in 
this laser processing apparatus. According to the dis- 
tance data and the size data stored in the size storing 
section 143, the image preparing section 145 prepares 
image data of a modified region formed by the distance 
and size, and sends thus prepared image data to the 
monitor 129. As a consequence, an image of the mod- 
ified region is also displayed on the monitor 1 29. Hence, 
the distance between adjacent modified spots and the 
form of modified region can be seen before laser 
processing. 

[0300] • Though the distance calculating section 141 
calculates the distance between modified spots by uti- 
lizing the expressions (n = f/v, and p = 1 /n), the following 
procedure may also be taken. First, a table having reg- 
istered the relationship between the magnitude of rep- 
etition frequency, the moving speeds of stages 1 09, 1 1 1 , 
and the distance between modified spots beforehand is 
prepared, and the distance calculating section 141 is 
caused to store data of this table. When the magnitude 
of repetition frequency and the magnitudes of moving 
speeds of stages 1 09, 1 11 are fed into the distance cal- 
culating section 141 , the latter reads out from the above- 
mentioned table the distance between modified spots in 
the modified spots formed under the condition of these 
magnitude. 

[0301 ] Here, the magnitudes of stage moving speeds 
may be made variable while the magnitude of repetition 
frequency is fixed. On the contrary, the magnitude of 
repetition frequency may be made variable while the 
magnitudes of stage moving speeds are fixed. Also, in 
these cases, the above-mentioned expressions and ta- 
ble are used in the distance calculating section 141 for 
carrying out processing for causing the monitor 129 to 
display the distance between modified spots and an im- 
age of the modified region. 

[0302] As in the foregoing, the overall controller 127 
shown in Fig. 85 inputs the magnitude of repetition fre- 
quency and the stage moving speeds, thereby calculat- 
ing the distance between adjacent modified spots. Al- 
ternatively, a desirable distance between adjacent mod- 
ified spots may be inputted, and the magnitude of rep- 



etition frequency and magnitudes of stage moving 
speeds may be controlled. This procedure will be ex- 
plained in the following. 

[0303] Fig. 86 is a block diagram showing a part of 
another example of the overall controller 127 provided 
in the eighth example. The overall controller 127 com- 
prises af requency calculating section 1 47. The operator 
of laser processing apparatus inputs the magnitude of 
distance between adjacent modified spots to the fre- 
quency calculating section 1 47 by using a keyboard or 
the like. The magnitude of distance is determined in view 
of the thickness and material of the object to be proc- 
essed and the like. Upon this input, the frequency cal- 
culating section 1 47 calculates a frequency for attaining 
this magnitude of distance according to the above-men- 
tioned expressions and tables. In this example, the 
stage moving speeds are fixed. The frequency calculat- 
ing section 147 sends thus calculated data to the laser 
light source controller 1 02. When the object to be proc- 
essed is subjected to laser processing by the laser 
processing apparatus regulated to this magnitude of fre- 
quency, the distance between adjacent modified spots 
can attain a desirable magnitude. Data of this magnitude 
of frequency is also sent to the monitor 129, whereby 
this magnitude of frequency is displayed. 
[0304] Fig. 87 is a block diagram showing a part of 
still another example the overall controller 1 27 provided 
in the eighth example. The overall controller 1 27 com- 
prises a speed calculating section 1 49. In a manner sim- 
ilar to that mentioned above, the magnitude of distance 
between adjacent modified spots is fed into the speed 
calculating section 149. Upon this input, the speed cal- 
culating section 149 calculates a stage moving speed 
for attaining this magnitude of distance according to the 
above-mentioned expressions and tables. In this exam- 
ple, the repetition frequency is fixed. The speed calcu- 
lating section 149 sends thus calculated data to the 
stage controller 115. When the object to be processed 
is subjected to laser processing by the laser processing 
apparatus regulated to this magnitude of stage moving 
speed, the distance between adjacent modified spots 
can attain a desirable magnitude. Data of this magnitude 
of stage moving speed is also sent to the monitor 129, 
whereby this magnitude of stage moving speed is dis- 
played. 

[0305] Fig. 88 is a block diagram showing a part of 
still another example of the overall controller 127 pro- 
vided in the eighth example, the overall controller 127 
comprises a combination calculating section 151 . It dif- 
fers from the cases of Figs. 86 and 87 in that both rep- 
etition frequency and stage moving speed are calculat- 
ed. In a mannersimilarto that mentioned above, the dis- 
tance between adjacent modified spots is fed into the 
combination calculating section 151. According to the 
above-mentioned expressions and tables, the combina- 
tion calculating section 151 calculates a repetition fre- 
quency and a stage moving speed for attaining this mag- 
nitude of distance. 
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[0306] The combination calculating section 151 
sends thus calculated data to the stage controller 115. 
The laser light source controller 102 adjusts the laser 
light source 1 01 so as to attain the calculated magnitude 
of repetition frequency. The stage controller 115 adjusts 
the stages 109, 111 so as to attain the calculated mag- 
nitude of stage moving speed. When the object to be 
processed is subjected to laser processing by thus reg- 
ulated laser processing apparatus, the distance be- 
tween adjacent modified spots can attain a desirable 
magnitude. Data of thus calculated magnitude of repe- 
tition frequency and magnitude of stage moving speed 
are also sent to the monitor 129, whereby thus calculat- 
ed values are displayed. 

[0307] The laser processing method in accordance 
with the eighth example of this embodiment will now be 
explained. The object to be processed 1 is a silicon wa- 
fer. In the eighth example, operations from steps S101 
to S1 1 1 are carried out in a manner similar to that of the 
laser processing method in accordance with the first ex- 
ample shown in Fig. 15. 

[0308] After step S111, the distance between adja- 
cent melting spots in the melting spots formed by one 
pulse of pulse laser, i.e., the magnitude of pitch p, is de- 
termined. The pitch p is determined in view of the thick- 
ness and material of the object 1 and the like. The mag- 
nitude of pitch p is fed into the overall controller 127 
shown in Fig. 88. 

[0309] Then, in a manner similar to that of the laser 
processing method in accordance with the first example 
shown in Fig. 15, operations of step S113 to S115 are 
carried out. This divides the object 1 into silicon chips. 
[0310] As explained in the foregoing, the eighth ex- 
ample can control the distance between adjacent melt- 
ing spots by regulating the magnitude of repetition fre- 
quency of pulse laser light, and regulating the magni- 
tudes of moving speeds of X-axis stage 1 09 and Y-axis 
stage 111. Changing the magnitude of distance in view 
of the thickness and material of the object 1 and the like 
enables processing in conformity to the aimed purpose. 

[Ninth Example] 

[031 1] A ninth example of this embodiment changes 
the position of the light-converging point of laser light 
irradiating the object to be processed in the direction of 
incidence to the object, thereby forming a plurality of 
modified regions aligning in the direction of incidence. 
[0312] Forming a plurality of modified regions will be 
explained in terms of a crack region by way of example. 
Fig. 89 is a perspective view of an object to be proc- 
essed 1 formed with two crack regions 9 within the ob- 
ject 1 by using the laser processing method in accord- 
ance with the ninth example of this embodiment. 
[0313] A method of forming two crack regions 9 will 
be explained in brief. First, the object 1 is irradiated with 
pulse laser light L, while the light-converging point of 
pulse laser light L is located within the object 1 near its 



rear face 21 and is moved along a line along which the 
object is intended to be cut 5. This forms a crack region 
9 (9A) along the line along which the object is intended 
to be cut 5 within the object 1 near the rear face 21 . 
s Subsequently, the object 1 is irradiated with the pulse 
laser light L, while the light-converging point of pulse la- 
ser light L is located within the object 1 near its surface 
3 and is moved along the line along which the object is 
intended to be cut 5. This forms a crack region 9 (9B) 
10 along the line along which the object is intended to be 
cut 5 within the object 1 near the surface 3. 
[0314] Then, as shown in Fig. 90, cracks 91 naturally 
grow from the crack regions 9A, 9B. Specifically, the 
cracks 91 naturally grow from the crack region 9A to- 
15 ward the rear face 21 , from the crack region 9A (9B) 
toward the crack region 9B (9A), and from the crack re- 
gion 9B toward the surface 3. This can form cracks 9 
elongated in the thickness direction of the object in the 
surface of object 1 extending along the line along which 
20 the object is intended to be cut 5, i.e., the surface to 
become a cross section. Hence, the object 1 can be cut 
along the line along which the object is intended to be 
cut 5 by artificially applying a relatively small force there- 
to or naturally without applying such a force. 
25 [031 5] As in the foregoing, the ninth example forms a 
plurality of crack regions 9, thereby increasing the 
number of locations to become starting points when cut- 
ting the object 1 . As a consequence, the ninth example 
makes it possible to cut the object 1 even in the cases 
30 where the object 1 has a relatively large thickness, the 
object 1 is made of a material in which cracks 91 are 
hard to grow after forming the crack regions 9, and so 
forth. 

[031 6] When cutting is difficult by two crack regions 9 
35 alone, three or more crack regions 9 are formed. For 
example, as shown in Fig. 91 , a crack region 9C is 
formed between the crack region 9A and crack region 
9B. Cutting can also be achieved in a direction orthog- 
onal to the thickness direction of the object 1 as long as 
40 it is the direction of incidence of laser light as shown in 
Fig. 92. 

[031 7] Preferably, in the ninth example of this embod- 
iment, a plurality of crack regions 9 are successively 
formed from the side farther from the entrance face (e. 
45 g., surface 3) of the object to be processed on which the 
pulse laser light L is incident. For example, in Fig. 89, 
the crack region 9A is formed first, and then the crack 
region 9B is formed. If the crack regions 9 are formed 
successively from the side closer to the entrance face, 
so the pulse laser L irradiated at the time of forming the 
crack region 9 to be formed later will be scattered by the 
crack region 9 formed earlier. As a consequence, devi- 
ations occur in sizes of the crack part (crack spot) 
formed by one shot of pulse laser light L constituting the 
55 crack region 9 formed later. Hence, the crack region 9 
formed later cannot be formed uniformly. Forming the 
crack regions 9 successively from the side farther from 
the entrance face does not generate the above-men- 
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tioned scattering, whereby the crack region 9 formed lat- 
er can be formed uniformly. 

[0318] However, the order of forming a plurality of 
crack regions 9 in the ninth example of this embodiment 
is not restricted to that mentioned above. They may be 
formed successively from the side closer to the entrance 
face of the object to be processed, or formed randomly. 
In the random forming, for example in Fig. 91 , the crack 
region 9C is formed first, then the crack region 9B, and 
finally the crack region 9A is formed by reversing the 
direction of incidence of laser light. 
[0319] Though the forming of a plurality of modified 
regions is explained in the case of crack regions, the 
same holds in molten processed regions and refractive 
index change regions. Though the explanation relates 
to pulse laser light, the same holds for continuous wave 
laser light. 

[0320] The laser processing apparatus in accordance 
with the ninth example of this embodiment has a con- 
figuration similar to that of the laser processing appara- 
tus 100 in accordance with the first example shown in 
Fig. 14. In the ninth example, the position of light-con- 
verging point P in the thickness direction of the object 
to be processed 1 is adjusted by the Z-axis stage 113. 
This can adjust the light-converging point P so as to lo- 
cate it at a position closer to or farther from the entrance 
face (surface 3) than is a half thickness position in the 
thickness direction of the object to be processed 1 , and 
at a substantially half thickness position. 
[0321] Here, adjustment of the position of light-con- 
verging point P in the thickness direction of the object 
to be processed caused by the Z-axis stage will be ex- 
plained with reference to Figs. 93 and 94. In the ninth 
example of this embodiment, the position of light-con- 
verging point of laser light in the thickness direction of 
the object to be processed is adjusted so as to be locat- 
ed at a desirable position within the object with reference 
to the surface (entrance face) of the object. Fig. 93 
shows the state where the light-converging point P of 
laser light L is positioned at the surface 3 of the object 
1 . When the Z-axis stage is moved by z toward the light- 
converging lens 1 05, the light-converging point P moves 
from the surface 3 to the inside of the object 1 as shown 
in Fig. 94. The amount of movement of light-converging 
point P within the object 1 is Nz (where N Is the refractive 
index of the object 1 with respect to the laser light L). 
Hence, when the Z-axis stage is moved in view of the 
refractive index of the object 1 with respect to the laser 
light L, the position of light-converging point P in the 
thickness direction of the object 1 can be controlled. 
Namely, a desirable position of the light-converging 
point P in the thickness direction of the object 1 is de- 
fin ed as the distance (Nz) from the surface 3 to the inside 
of the object 1 . The object 1 is moved in the thickness 
direction by the amount of movement (z) obtained by 
dividing the distance (Nz) by the above-mentioned re- 
fractive index (N). This can locate the light-converging 
point P at the desirable position. 



[0322] As explained in the first example, the stage 
controller 1 1 5 controls the movement of the Z-axis stage 
113 according to focal point data, such that the focal 
point of visible light is located at the surface 3. The laser 

5 processing apparatus 1 is adjusted such that the light- 
converging point P of laser light L is positioned at the 
surface 3 at the position of Z-axis stage 113 where the 
focal point of visible light is located at the surface 3. Data 
of the amount of movement (z) explained in Figs. 93 and 

10 94 is fed into and stored in the overall controller 1 27. 
[0323] With reference to Fig. 95, the laser processing 
method in accordance with the ninth example of this em- 
bodiment will now be explained. Fig. 95 is a flowchart 
for explaining this laser processing method. The object 

15 to be processed 1 is a silicon wafer. 

[0324] Step S1 01 is the same as step S1 01 of the first 
example shown in Fig. 15. Subsequently, the thickness 
of the object 1 is measured. According to the result of 
measurement of thickness and the refractive index of 

20 object 1 , the amount of movement (z) of object 1 in the 
Z-axis direction is determined (S103). This is the 
amount of movement of object 1 in the Z-axis direction 
with reference to the light-converging point of laser light 
L positioned at the surface 3 of object 1 in order for the 

25 light-converging point P of laser light L to be located 
within the object 1 . Namely, the position of light-converg- 
ing point P in the thickness direction of object 1 is de- 
termined. The position of light-converging point P is de- 
termined in view of the thickness and material of object 

30 1 and the like. In this embodiment, data of a first move- 
ment amount for positioning the light-converging point 
P near the rear face within the object 1 and data of a 
second movement amount for positioning the light-con- 
verging point P near the surface 3 within the object 1 

35 are used. A first molten processed region to be formed 
is formed by using the data of first movement amount. 
A second molten processed region to be formed is 
formed by using the data of second movement amount. 
Data of these movement amounts are fed into the over- 

40 all controller 127. 

[0325] Steps S1 05 and S1 07 are the same as steps 
S105 and S107 in the first example shown in Fig. 15. 
The focal point data calculated by step S1 07 is sent to 
the stage controller 115. According to the focal point da- 

45 ta, the stage control ler 1 1 5 moves the Z-axis stage 1 1 3 
in the Z-axis direction (S109). This positions the focal 
point of visible light of the observation light source 117 
at the surface 3. At this point of Z-axis stage 113, the 
focal point P of pulse laser light L is positioned at the 

so surface 3. Here, according to imaging data, the imaging 
data processor 125 calculates enlarged image data of 
the surface of object 1 including the line along which the 
object is intended to be cut 5. The enlarged image data 
is sent to the monitor 1 29 by way of the overall controller 

55 127, whereby an enlarged image in the vicinity of the 
line along which the object is intended to be cut 5 is dis- 
played on the monitor 129. 

[0326] The data of first movement amou nt determ ined 
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by step S103 has already been inputted to the overall 
controller 127, and Is sent to the stage controller 115. 
According to this data of movement amount, the stage 
controller 115 moves the object 1 in the Z-axis direction 
by using the Z-axis stage 113 to a position where the 5 
light-converging point P of laser light L is located within 
the object 1 (S1 1 1 ). This inside position is near the rear 
face of the object 1 . 

[0327] Next, as in step S113 of the first example 
shown in Fig. 15, a molten processed region is formed 
within the object 1 so as to extend along the line along 
which the object is intended to be cut 5 (S1 1 3). The mol- 
ten processed region is formed near the rear face within 
the object 1 . 

[0328] Then, according to the data of second move- 
ment amount as in step S111 , the object 1 is moved in 
the Z-axis direction by the Z-axis stage 1 1 3 to a position 
where the light-converging point P of laser light L is lo- 
cated within the object 1 (S115). Subsequently, as in 
step S113, a molten processed region is formed within 
the object 1 (S117). In this step, the molten processed 
region is formed near the surface 3 within the object 1 . 
[0329] Finally, the object 1 is bent along the line along 
which the object is intended to be cut 5, and thus is cut 
(S119). This divides the object 1 into silicon chips. 
[0330] Effects of the ninth example of this embodi- 
ment will be explained. The ninth example forms a plu- 
rality of modified regions aligning in the direction of in- 
cidence, thereby increasing the number of locations to 
become starting points when cutting the object 1 . In the 
case where the size of object 1 in the direction of inci- 
dence of laser light is relatively large or where the object 
1 is made of a material in which cracks are hard to grow 
from a modified region, for example, the object 1 is hard 
to cut when only one modified region exists along the 
line along which the object is intended to be cut 5. In 
such a case, forming a plurality of modified regions as 
in this embodiment can easily cut the object 1 . 

[Tenth Example] 

[0331] A tenth example of this embodiment controls 
the position of a modified region in the thickness direc- 
tion of an object to be processed by adjusting the light- 
converging point of laser light in the thickness direction 
of the object. 

[0332] This positional control will be explained in 
terms of a crack region by way of example. Fig. 96 is a 
perspective view of an object to be processed 1 in which 
a crack region 9 is formed within the object 1 by using 
the laser processing method in accordance with the 
tenth example of this embodiment. The light-converging 
point of pulse laser L is located within the object 1 
through the surface (entrance face) 3 of the object with 
respect to the pulse laser light L. The light-converging 
point is adjusted so as to be located at a substantially 
half thickness position in the thickness direction of the 
object 1 . When the object to be processed 1 is irradiated 



with the line along which the object is intended to be cut 
5 under these conditions, a crack region 9 is formed 
along a line along which the object is intended to be cut 
5 at a half thickness position of the object 1 and its vi- 
cinity. 

[0333] Fig. 97 is a partly sectional view of the object 
1 shown in Fig. 96. After the crack region 9 is formed, 
cracks 91 are naturally grown toward the surface 3 and 
rear face 21 . When the crack region 9 is formed at the 
half thickness position and its vicinity in the thickness 
direction of the object 1 , the distance between the nat- 
urally growing crack 91 and the surface 3 (rear face 21 ) 
can be made relatively long, for example, in the case 
where the object 1 has a relatively large thickness. 
Therefore, a partto be cut extending along the line along 
which the object is intended to be cut 5 in the object 1 
maintains a strength to a certain extent. Therefore, 
when carrying out the step of cutting the object 1 after 
terminating the laser processing, handling the object be- 
comes easier. 

[0334] Fig. 98 is a perspective view of an object to be 
processed 1 including a crack region 9 formed by using 
the laser processing method in accordance with the 
tenth example of this embodiment as with Fig. 96. The 
crack region 9 shown in Fig. 98 is formed when the light- 
converging point of pulse laser light L is adjusted so as 
to be located at a position closer to the surface (entrance 
face) 3 than is a half thickness position in the thickness 
direction of the object 1 . The crack region 9 is formed 
on the surface 3 side within the object 1 . Fig. 99 is a 
partly sectional view of the object 1 shown in Fig. 98. 
Since the crack region 9 is formed on the surface 3 side, 
naturally growing cracks 91 reach the surface 3 or its 
vicinity. Hence, fractures extending along the line along 
which the object is intended to be cut 5 are likely to occur 
in the surface 3, whereby the object 1 can be cut easily. 
[0335] In the case where the surface 3 of the object 1 
is formed with electronic devices and elect rode patterns 
in particular, forming the crack region 9 near the surface 
3 can prevent the electronic devices and the like from 
being damaged when cutting the object 1. Namely, 
growing cracks 91 from the crack region 9 toward the 
surface 3 and rear face 21 of the object 1 cuts the object 
1. Cutting may be achieved by the natural growth of 
cracks 91 alone or by artificially growing cracks 91 in 
addition to the natural growth of crack 91 . When the dis- 
tance between the crack region 9 and the surface 3 is 
relatively long, the deviation in the growing direction of 
cracks 91 on the surface 3 side becomes greater. As a 
consequence, the cracks 91 may reach regions formed 
with electronic devices and the like, thereby damaging 
the electronic devices and the like. When the crack re- 
gion 9 is formed near the surface 3, the distance be- 
tween the crack region 9 and the surface 3 is relatively 
short, whereby the deviation ingrowing direction of 
cracks 91 can be made smaller. Therefore, cutting can 
be effected without damaging the electronic devices and 
the like. When the crack region 9 is formed at a location 
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too close to the surface 3, the crack region 9 is formed 
at the surface 3. As a consequence, the random form of 
the crack region 9 itself appears at the surface 3, which 
causes chipping, thereby deteriorating the accuracy in 
breaking and cutting. 

[0336] The crack region 9 can also be formed while 
the light-converging point of pulse laser light L is adjust- 
ed so as to be located at a position farther from the sur- 
face 3 than is a half thickness position in the thickness 
direction of the object 1 . In this case, the crack region 9 
is formed on the rear face 21 side within the object 1 . 
[0337] As with Fig. 96, Fig. 1 00 is a perspective view 
of the object 1 including crack regions formed by using 
the laser processing method in accordance with the 
tenth example of this embodiment. The crack region 9 
in the X-axis direction shown in Fig. 1 00 is formed when 
the light-converging point of pulse laser light L is adjust- 
ed so as to be located at a position farther from the sur- 
face (entrance face) 3 than is a half thickness position 
in the thickness direction of the object 1 . The crack re- 
gion 9 in the Y-axis direction is formed when the light- 
converging point of pulse laser light L is adjusted so as 
to be located at a position closer to the surface 3 than 
is the half thickness position in the thickness direction 
of the object 1 . The crack region 9 in the X-axis direction 
and the crack region 9 in the Y-axis direction cross each 
other three-dimensional ly. 

[0338] When the object 1 is a semiconductor wafer, 
for example, a plurality of crack regions 9 are formed in 
parallel in each of the X- and Y-axis directions. This 
forms the crack regions 9 like a lattice in the semicon- 
ductor wafer, whereas the latter is divided into individual 
chips while using the lattice-like crack regions as start- 
ing points. When the crack region 9 in the X-axis direc- 
tion and the crack region 9 in the Y-axis direction are 
located at the same position in the thickness direction 
of the object 1 , there occurs a location where the crack 
region 9 in the X-axis direction and the crack region 9 
in the Y-axis direction intersect each other at right an- 
gles. At the location where the crack regions 9 intersect 
each other at right angles, they are superposed on each 
other, which makes it difficult for the cross section in the 
X-axis direction and the cross section in the Y-axis di- 
rection to intersect each other at right angles with a high 
accuracy. This inhibits the object 1 from being cut pre- 
cisely at the intersection. 

[0339] When the position of the crack region 9 in the 
X-axis direction and the position of the crack region 9 in 
the Y-axis direction differ from each other in the thick- 
ness direction of the object 1 as shown in Fig. 100, the 
crack region 9 in the X-axis direction and the crack re- 
gion 9 in the Y-axis direction can be prevented from be- 
ing superposed on each other. This enables precise cut- 
ting of the object 1 . 

[0340] In the crack region 9 in the X-axis direction and 
the crack region 9 in the Y-axis direction, the crack re- 
gion 9 to be formed later is preferably formed closer to 
the surface (entrance face) 3 than is the crack region 9 



formed earlier. If the crack region 9 to be formed later is 
formed closer to the rearface21 than is the crack region 
9 formed earlier, the pulse laser light L irradiated when 
forming the crack region 9 to be formed later is scattered 

5 by the crack region 9 formed eariieratthe location where 
the cross section in the X-axis direction and the cross 
section in the Y-axis direction intersect each other at 
right angles. This forms deviations between the size of 
a part formed at a position to become the above-men- 

10 tioned intersecting location and the size of a part formed 
at another position in the crack region 9 to be formed 
later. Therefore, the crack region 9 to be formed later 
cannot be formed uniformly. 

[0341] When the crack region 9 to be formed later is 
15 formed closer to the surface 3 than is the crack region 
9 formed earlier, by contrast, scattering of the pulse la- 
ser light L does not occur at a position to become the 
above-mentioned intersecting location, whereby the 
crack region 9 to be formed later can be formed uniform- 

20 |y. 

[0342] As explained in the foregoing, the tenth exam- 
ple of this embodiment adjusts the position of light-con- 
verging point of laser light in the thickness direction of 
an object to be processed, thereby being able to control 

25 the position of a modified region in the thickness direc- 
tion of the object. Changing the position of light-converg- 
ing point in view of the thickness and material of the ob- 
ject to be processed and the like enables laser process- 
ing in conformity to the object. 

30 [0343] Though the fact that the position of a modified 
region can be controlled is explained in the case of a 
crack region, the same holds in molten processed re- 
gions and refractive index change regions. Though the 
explanation relates to pulse laser light, the same holds 

35 for continuous wave laser light. 

[0344] The laser processing apparatus in accordance 
with the tenth example of this embodiment has a con- 
figuration similar to the laser processing apparatus 100 
in accordance with the first example shown in Fig. 14. 

40 in the tenth example, the Z-axis stage 1 1 3 adjusts the 
position of light-converging point P in the thickness di- 
rection of object 1 . This can adjust the light-converging 
point P so as to locate it at a position closer to or farther 
from the entrance face (surface 3) than is a half thick- 

45 ness position in the thickness direction of the object 1 
or at a substantially half thickness position, for example. 
These adjustment operations and the placement of the 
light-converging point of laser light within the object can 
also be achieved by moving the light-converging lens 

50 1 05 in the Z-axis direction. Since there are cases where 
the object 1 moves in the thickness direction thereof and 
where the light-converging lens 1 05 moves in the thick- 
ness direction of the object 1 in the present invention, 
the amount of movement of the object 1 in the thickness 

55 direction of the object 1 is defined as a first relative 
movement amount or a second relative movement 
amount. 

[0345] The adjustment of light-converging point P in 
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the thickness direction of the object to be processed 
caused by the Z-axis stage is the same as that in the 
ninth example explained with reference to Figs. 93 and 
Fig. 94. 

[0346] The imaging data processor 1 25 calculates fo- 
cal point data for locating the focal point of visible light 
generated by the observation light source 117 on the 
surface 3 according to the imaging data in the tenth ex- 
ample as well. According to this focal point data, the 
stage controller 1 1 5 controls the movement of the Z-axis 
stage 113, so as to locate the focal point of visible light 
at the surface 3. The laser processing apparatus 1 is 
adjusted such that the light-converging point P of laser 
light L is located at the surface 3 at the position of Z-axis 
stage 113 where the focal point of visible light is located 
at the surface 3. Hence, the focal point data is an exam- 
ple of second relative movement amount of the object 
1 in the thickness direction thereof required for locating 
the light-converging point P at the surface (entrance 
face) 3. The imaging data processor 125 has a function 
of calculating the second relative movement amount. 
[0347] Data of the movement amount (z) explained 
with reference to Figs. 93 and 94 is fed into and stored 
in the overall controller 127. Namely, the overall control- 
ler 127 has a function of storing data of the relative 
movement amount of the object to be processed 1 in the 
thickness direction of the object 1 . The overall controller 
127, stage controller 115, and Z-axis stage 113 adjust 
the position of light-converging point of pulse laser light 
converged by the light-converging lens within the range 
of thickness of the object 1 . 

[0348] The laser processing method in accordance 
with the tenth example will be explained with reference 
to the laser processing apparatus in accordance with the 
first example shown in Fig. 14 and the flowchart for the 
laser processing method in accordance with the first ex- 
ample shown in Fig. 15. The object to be processed 1 
is a silicon wafer. 

[0349] Step S1 01 is the same as step S1 01 of the first 
example shown in Fig. 15. Subsequently, as in step 
S1 03 of the first example shown in Fig. 1 5, the thickness 
of object 1 is measured. According to the result of meas- 
urement of thickness and the refractive index, the 
amount of movement (z) in the Z-axis direction of object 
1 is determined (S1 03). This is the amount of movement 
of object 1 in the Z-axis direction with reference to the 
light-converging point of laser light L positioned at the 
surface 3 of object 1 required for positioning the light- 
converging point P of laser light L within the object 1 . 
Namely, the position of light-converging point Pin the 
thickness direction of object 1 is determined. The 
amount of movement (z) in the Z-axis direction is one 
example of data of relative movement of the object 1 in 
the thickness direction thereof. The position of light-con- 
verging point P is determined in view of the thickness 
and material of the object 1 , effects of processing (e.g., 
easiness to handle and cut the object), and the like. This 
data of movement amount is fed into the overall control- 



ler 127. 

[0350] Steps S1 05 and S1 07 aresimilarto steps S1 05 
andS107ofthe first example shown in Fig. 15. The focal 
point data calculated by step S 107 is data of a second 

5 movement amount in the Z-axis direction of object 1 . 
[0351 ] This focal point data is sent to the stage con- 
troller 115. According to this focal point data, the stage 
controller 115 moves the Z-axis stage 113 in the Z-axis 
direction (S109). This positions the focal point of visible 

10 light of the observation light source 11 7 at the surface 
3. At this position of Z-axis stage 1 1 3, the light-converg- 
ing point P of pulse laser light L is positioned at the sur- 
face 3. According to imaging data, the imaging data 
processor 125 calculates enlarged image data of the 

is surface of object 1 including the line along which the 
object is intended to be cut 5. This enlarged image data 
is sent to the monitor 1 29 by way of the overall controller 
127, whereby an enlarged image near the line along 
which the object is intended to be cut 5 is displayed on 

20 the monitor 127. 

[0352] Data of the relative movement amount deter- 
mined by step S1 03 has already been inputted to the 
overall controller 127, and is sent to the stage controller 
115. According to this data of movement amount, the 

25 stage controller 115 causes the Z-axis stage 113 to 
move the object 1 in the Z-axis direction at a position 
where the light-converging point P of laser light is locat- 
ed within the object 1 (S111). 

[0353] Steps S11 3 and S115 are similar to steps S113 
30 and S1 1 5 shown in Fig. 1 5. The foregoing divides the 
object 1 into silicon chips. 

[0354] Effects of the tenth example of this embodi- 
ment will be explained. The tenth example irradiates the 
object to be processed 1 with pulse laser light L while 

35 adjusting the position of light-converging point P in the 
thickness direction of object 1 , thereby forming a modi- 
fied region. This can control the position of a modified 
region in the thickness direction of object 1 . Therefore, 
changing the position of a modified region in the thick- 

40 ness direction of object 1 according to the material and 
thickness of object 1 , effects of processing, and the like 
enables cutting in conformity to the object 1 . 

Industrial Applicability 

45 

[0355] The laser processing method and apparatus in 
accordance with the present invention can cut an object 
to be processed without generating melt orf ractures de- 
viating from lines to be cut on a surface of the object. 
so Therefore, the yield and productivity of products (e.g., 
semiconductor chips, piezoelectric device chips, and 
display devices such as liquid crystal) prepared by cut- 
ting objects to be processed can be improved. 

55 

Claims 

1 . A laser processing method comprising a step of ir- 
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radiating an object to be processed with laser light 
with a light-converging point located therewithin, so 
as to form a modified region caused by multiphoton 
absorption within said object along a line along 
which the object is intended to be cut in said object. 

2. A laser processing method comprising a step of ir- 
radiating an object to be processed with laser light 
with a light-converging point located therewithin un- 
der a condition with a peak power density of at least 
t x 10 8 (W/cm 2 ) at the light-converging point and 
a pulse width of 1 us or less, so as to form a modified 
region including a crack region within said object 
along a line along which the object is intended to be 
cut in said object. 

3. A laser processing method comprising a step of ir- 
radiating an object to be processed with laser light 
with a light-converging point located therewithin un- 
der a condition with a peak power density of at least 
1x10* (W/cm 2 ) at the light-converging point and 
a pulse width of 1 us or less, so as to form a modified 
region including a molten processed region within 
said object along a line along which the object is 
intended to be cut in said object. 

4. A laser processing method comprising a step of ir- 
radiating an object to be processed with laser light 
with a light-converging point located therewithin un- 
der a condition with a peak power density of at least 
1 x 10 8 (W/cm 2 ) at the light-converging point and 
a pulse width of 1 ns or less, so as to form a modified 
region including a refractive index change region 
which is a region with a changed refractive index 
within said object along a line along which the object 
is intended to be cut in said object. 

5. A laser processing method according to one of 
claims 1 to 4, wherein the laser light emitted from 
said laser light source includes pulse laser light. 

6. A laser processing method according to one of 
claims 1 to 5, wherein said irradiating an object to 
be processed with laser light with a light-converging 
point located therewithin is carried out by irradiating 
said object with laser light emitted from one laser 
light source while converging said laser light and lo- 
cating a light-converging point within said object. 

7. A laser processing method according to one of 
claims 1 to 5, wherein said irradiating an object to 
be processed with laser light with a light-converging 
point located therewithin is carried out by irradiating 
said object with a plurality of laser light beams emit- 
ted from respective laser light sources from different 
directions while locating respective light-converg- 
ing points within said object. 



8. A laser processing method according to claim 7, 
wherein said plurality of laser light beams emitted 
from respective laser light sources enter said object 
from said surface thereof. 

A laser processing method according to claim 7, 
wherein said plurality of laser light sources include 
a laser light source for emitting a laser light beam 
entering said object from said surface thereof, and 
a laser light source for emitting a laser light beam 
entering said object from the rear face thereof. 

A laser processing method according to one of 
claims 7 to 9, wherein said plurality of laser light 
sources include a light source section having laser 
light sources arranged in an array along said line 
along which the object is intended to be cut. 

A laser processing method according to one of 
claims 1 to 10, wherein said modified region is 
formed by relatively moving said object with respect 
to the light-converging point of laser light located 
within said object. 

A laser processing method according to one of 
claims 1 to 11, further comprising a cutting step of 
cutting said object along said line along which the 
object is intended to be cut after the step of forming 
said modified region. 

A laser processing method according to one of 
claims 1 to 12, wherein said object includes glass. 



5 

9. 

10 

10. 

15 

11. 

20 



30 



14. A laser processing method according to one of 
35 claims 1 to 12, wherein said object includes a pie- 
zoelectric material. 

15. A laser processing method according to one of 
claims 1 to 12, wherein said object includes a sem- 

40 iconductor material. 

16. A laser processing method according to one of 
claims 1 to 15, wherein said object is transparent to 
laser light irradiated. 

45 

17. A laser processing method according to one of 
claims 1 to 16, wherein said surface of said object 
is formed with an electronic device or electrode pat- 
tern. 

50 

18. A laser processing method comprising a step of ir- 
radiating a semiconductor material with laser light 
with a light-converging point located therewithin un- 
der a condition with a peak power density of at least 

55 1 x 1 0 8 (W/cm 2 ) at the light-converging point and 
a pulse width of 1 us or less, so as to form a modified 
region within said semiconductor material along a 
line along which the object is intended to be cut in 
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said semiconductor material. 

19. A laser processing method comprising a step of ir- 
radiating a piezoelectric material with laser light with 
a light-converging point located therewithin under a 
condition with a peak power density of at least 1 x 
10 s (W/cm 2 ) at the light-converging point and a 
pulse width of 1 u.s or less, so as to form a modified 
region with in said piezoelectric material along a line 
along which the object is intended to be cut in said 
piezoelectric material. 

20. A laser processing method according to one of 
claims 1 to 19, wherein said object has a surface 
formed with a plurality of circuit sections; and 

wherein the light-converging point of laser 
light is located within said object so as to face a gap 
formed between adjacent circuit sections among 
said plurality of circuit sections. 

21. A laser processing method according to claim 20, 
wherein laser light is converged by an angle keep- 
ing said laser light from irradiating said plurality of 
circuit sections. 

22. A laser processing method comprising a step of ir- 
radiating a semiconductor material with laser light 
with a light-converging point located therewithin, so 
as to form a molten processed region only within 
said semiconductor material along a line along 
which the object is intended to be cut in said semi- 
conductor material. 

23. A laser processing method comprising a step of ir- 
radiating an object to be processed with laser light 
elliptically polarized with an ellipticity of other than 
1 such that a light-converging point of said laser 
light is located within said object while the major ax- 
is of an ellipse indicative of the elliptical polarization 
of laser light extends along a line along which the 
object is intended to be cut, so as to form a modified 
region caused by multi photon absorption along said 
line along which the object is intended to be cut with- 
in said object. 

24. A laser processing method comprising a step of ir- 
radiating an object to be processed with laser light 
elliptically polarized with an ellipticity of other than 
1 such that a light-converging point of said laser 
light is located within said object while the major ax- 
is of an ellipse indicative of the elliptical polarization 
of laser light extends along a line along which the 
object is intended to be cut under a condition with 
a peak power density of at least 1 x 10 8 (W/cm 2 ) 
at the light-converging point and a pulse width of 1 
lis or less, so as to form a modified region including 
a crack region along said line along which the object 
is intended to be cut within said object. 



25. A laser processing method comprising a step of ir- 
radiating an object to be processed with laser light 
elliptically. polarized with an ellipticity of other than 
1 such that a light-converging point of said laser 

5 light is located within said object while the major ax- 
is of an ellipse indicative of the elliptical polarization 
of laser light extends along a line along which the 
object is intended to be cut under a condition with 
a peak power density of at least 1 x 10 8 (W/cm 2 ) 

10 at the light-converging point and a pulse width of 1 
u£ or less, so as to form a modified region including 
a molten processed region along said line along 
which the object is intended to be cut within said 
object. 

15 

26. A laser processing method comprising a step of ir- 
radiating an object to be processed with laser light 
elliptically polarized with an ellipticity of other than 
1 such that a light-converging point of said laser 

20 light is located within said object while the major ax- 
is of an ellipse indicative of the elliptical polarization 
of laser light extends along a line along which the 
object is intended to be cut under a condition with 
a peak power density of at least 1 x 10 8 (W/cm 2 ) 

25 at the light-converging point and a pulse width of 1 
ns or less, so as to form a modified region including 
a refractive index change region which is a region 
with a changed refractive index within said object 
along said line along which the object is intended to 

30 be cut in said object. 

27. A laser processing method according to one of 
claims 23 to 26, wherein said elliptical polarization 
is linear polarization with an ellipticity of zero. 

35 

28. A laser processing method according to one of 
claims 23 to 27, wherein said ellipticity of elliptical 
polarization is adjusted by changing the angle of di- 
rection of a quarter-wave plate. 

40 

29. A laser processing method according to one of 
claims 23 to 28, comprising a step of irradiating said 
object with laser light while rotating the polarization 
of laser light by about 90° by a half-wave plate after 

45 the step of forming said modified region. 

30. A laser processing method according to one of 
claims 23 to 28, comprising a step of irradiating said 
object with laser light while rotating the polarization 

so of laser light by about 90° about a thickness direc- 
tion of said object by a half-wave plate after the step 
of forming said modified region. 

31. A laser processing method comprising a step of ir- 
55 radiating an object to be processed with laser light 

elliptically polarized with an ellipticity of other than 
1 such that a light-converging point of said laser 
light is located within said object while the major ax- 
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is of an ellipse indicative of the elliptical polarization 
of laser light extends along a line along which the 
object is intended to be cut, so as to cut said object 
along said line along which the object is intended to 
be cut. 

32. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 \is or less; 
ellipticity adjusting means for making the pulse 
laser light emitted from said laser light source 
attain elliptical polarization with an ellipticity of 
other than 1; 

major axis adjusting means for making the ma- 
jor axis of an ellipse indicative of the elliptical 
polarization of pulse laser light adjusted by said 
ellipticity adjusting means extend along a line 
along which the object is intended to be cut in 
an object to be processed; 
light-converging means for converging the 
pulse laser light adjusted by said major axis ad- 
justing means such that said pulse laser light 
attains a peak power density of at least 1 x 1 0 8 
(W/cm 2 ) at a light-converging point thereof; 
means for locating the light-converging point of 
pulse laser light converged by said light-con- 
verging point within said object; and 
moving means for relatively moving the light- 
converging point of pulse laser light along said 
line along which the object is intended to be cut. 

33. A laser processing apparatus according to claim 32, 
comprising 90° rotation adjusting means adapted 
to rotate the polarization of pulse laser light adjusted 
by said ellipticity adjusting means by about 90°. 

34. A laser processing apparatus according to claim 32, 
comprising rotating means for rotating a table for 
mounting said object by about 90° about a thick- 
ness direction of said object. 

35. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 us or less and linear 
polarization; 

linear polarization adjusting means for making 
the direction of linear polarization of the pulse 
laser light emitted from said laser light source 
align with a line along which the object is intend- 
ed to be cut in an object to be processed; 
light-converging means for converging the 
pulse laser light adjusted by said linear polari- 
zation adjusting means such that said pulse la- 
ser light attains a peak power density of at least 
1 x 10 8 (W/cm 2 ) at a light-converging point 
thereof; 



means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging point within said object; and 
moving means for relatively moving the light- 
5 converging point of pulse laser light along said 

line along which the object is intended to be cut. 

36. A laser processing apparatus comprising: 

10 a laser light source for emitting pulse laser light 

having a pulse width of 1 us or less; 
power adjusting means for adjusting the mag- 
nitude of power of the pulse laser light emitted 
from said laser light source according to an in- 

15 put of the magnitude of power of pulse laser 

light; 

light-converging means for converging the 
pulse laser light adjusted by said linear polari- 
zation adjusting means such that said pulse la- 
20 ser light attains a peak power density of at least 

1 x 10* (W/cm 2 ) at a light-converging point 
thereof; 

means for locating the light-converging point of 
the pulse laser light converged by said light- 
25 converging means within an object to be proc- 

essed; and 

moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
30 said object; 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
35 ing point within said object; 

said laser processing apparatus further com- 
prising: 

40 correlation storing means having stored 

therein a correlation between the magni- 
tude of power of pulse laser adjusted by 
said power adjusting means and the size 
of modified spot; 
45 size selecting means for choosing, accord- 

ing to an inputted magnitude of power of 
pulse laser light, a size of said modified 
spot formed at said magnitude of power 
from said correlation storing means; and 
50 size display means for displaying the size 

of modified spot chosen by said size select- 
ing means. 

37. A laser processing apparatus comprising: 

55. 

a laser light source for emitting pulse laser light 

having a pulse width of 1 us or less; 

a light-converging lens for converging the pulse 
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laser light emitted from said laser light source 
such that said pulse laser light attains a peak 
power density of at least 1 x 1 0 8 (W/cm 2 ) at a 
light-converging point thereof; 
numerical aperture adjusting means for adjust- 
ing the size of numerical aperture of an optical 
system including said light-converging lens ac- 
cording to an inputted size of numerical aper- 
ture; 

means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging lens within an object to be proc- 
essed; and 

moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
said object; 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
ing point within said object; 

said laser processing apparatus further com- 
prising: 

correlation storing means having stored 
therein a correlation between the size of 
numerical aperture adjusted by said power 
adjusting means and the size of modified 



size selecting means for choosing, accord- 
ing to said inputted magnitude of power of 
pulse laser light, a size of the modified spot 
formed at said size of numerical aperture 
from said correlation storing means; and 
size display means for displaying the size 
of modified spot chosen by said size select- 
ing means. 

38. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 us or less; and 
lens selecting means including a plurality of 
light-converging lenses for converging the 
pulse laser light emitted from said laser light 
source such that said pulse laser light attains a 
peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point thereof, said lens se- 
lecting means being adapted to select among 
a plurality of light-converging lenses, a plurality 
of optical systems including said light-converg- 
ing lenses having respective numerical aper- 
tures different from each other; 
means for locating the light-converging point of 
the pulse laser light converged by a light-con- 
verging lens chosen by said lens selecting 



means within an object to be processed; and 
moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
5 said object; 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
10 ing point within said object; 

said laser processing apparatus further com- 
prising: 

15 correlation storing means having stored 

therein a con-elation between sizes of nu- 
merical apertures of a plurality of optical 
systems including said light-converging 
lenses and the size of modified spot; 

20 size selecting means for choosing, accord- 

ing to a size of numerical aperture of an op- 
tical system including said chosen light- 
converging lens, a size of the modified spot 
formed at said size of numerical aperture 

25 from said correlation storing means; and 

size display means for displaying the size 
of modified spot chosen by said size select- 
ing means. 

30 39. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 

having a pulse width of 1 us or less; 

power adjusting means for adjusting the mag- 

35 n itude of power of pulse laser light emitted from 

said laser light source according to an inputted 
magnitude of power of pulse laser light; 
a light-converging lens forconverging the pulse 
laser light emitted from said laser light source 

40 such that said pulse laser light attains a peak 

power density of at least 1 x 10 8 (W/cm 2 ) at a 
light-converging point thereof; 
numerical aperture adjusting means for adjust- 
ing the size of numerical aperture of an optical 

45 system including said light-converging lens ac- 

cording to an inputted size of numerical aper- 
ture; 

means for locating the light-converging point of 
the pulse laser light converged by said light- 
50 converging lens within an object to be proc- 

essed; and 

moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
55 said object; 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
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of pulse laser light while locating the light-converg- 
ing point within said object; 

said laser processing apparatus further com- 
prising: 

correlation storing means having stored 
therein a correlation between a set of the 
magnitude of power of pulse laser light ad- 
justed by said power adjusting means and 
the size of numerical aperture adjusted by 
said numerical aperture adjusting means 
and the size of modified spot; 
size selecting means for choosing, accord- 
ing to said inputted magnitude of power of 
pulse laser light and said inputted size of 
numerical aperture, a size of the modified 
spot formed at said inputted magnitude 
and size; and 

size display means for displaying the size 
of modified spot chosen by said size select- 
ing means. 

40. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 us or less; 
power adjusting means for adjusting the mag- 
nitude of power of pulse laser light emitted from 
said laser light source according to an inputted 
magnitude of power of pulse laser light; 
lens selecting means including a plurality of 
light-converging lenses for converging the 
pulse laser light emitted from said laser light 
source such that said pulse laser light attains a 
peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point, said lens selecting 
means being adapted to select among a plural- 
ity of light-converging lenses, a plurality of op- 
tical systems including said light-converging 
lenses having respective numerical apertures 
different from each other; 
means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging lens chosen by said lens selecting 
means within an object to be processed; and 
moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
said object; 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
ing point within said object; 

said laser processing apparatus further com- 
prising: 
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correlation storing means having stored 
therein a correlation between a set of the 
magnitude of power of pulse laser light ad- 
justed by said power adjusting means and 
sizes of numerical apertures of a plurality 
of optical systems including said light-con- 
verging lenses and the size of modified 
spot; 

size selecting means for choosing, accord- 
ing to said inputted magnitude of power of 
pulse laser light and the size of numerical 
aperture of an optical system including said 
chosen light-converging lens, a size of the 
modified spot formed at said magnitude 
and size; and 

size display means for displaying the size 
of modified spot chosen by said size select- 
ing means. 

41 . A laser processing apparatus according to one of 
claims 36 to 40, comprising: 

image preparing means for preparing an image 
of modified spot having the size selected by 
said size selecting means; and 
image display means for displaying the image 
prepared by said image preparing means. 

42. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 \is or less; 
power adjusting means for adjusting the mag- 
nitude of power of pulse laser light emitted from 
said laser light source; 

light-converging means for converging the 
pulse laser light emitted from said laser light 
source such that said pulse laser light attains a 
peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point thereof; 
means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging means within an object to be proc- 
essed; and 

moving means for relatively moving the light- 
converging point of putse laser light along a line 
along which the object is intended to be cut in 
said object; 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating said light-converg- 
ing point within said object; 

said laser processing apparatus further com- 
prising: 

correlation storing means having stored 
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therein a correlation between the magni- 
tude of power of pulse laser light adjusted 
by said power adjusting means and the 
size of modified spot; and 
power selecting means for choosing, ac- 5 
cording to an inputted size of modified spot, 
a magnitude of power of pulse laser light 
adapted to form said size from said corre- 
lation storing means; 

said power adjusting means adjusting the to 
magnitude of power of pulse laser light 
emitted from said laser light source such 
that the magnitude of power chosen by 
said power selecting means is attained. 

15 

43. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 u.s or less; 
a light-converging lens for converging the pulse 20 
laser light emitted from said laser light source 
such that the pulse laser light attains a peak 
power density of at least 1 x 1 0 8 (W/cm 2 ) at a 
light-converging point thereof; 
numerical aperture adjusting means for adjust- 25 
ing the size of numerical aperture of an optical 
system including said tight-converging lens; 
means for locating said light-converging point 
of the pulse laser light converged by said light- 
converging lens within an object to be proc- 30 
essed; and 

moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
said object; 35 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
ing point within said object; 40 

said laser processing apparatus further com- 
prising: 

correlation storing means having stored 45 
therein a correlation between the size of 
numerical aperture adjusted by said nu- 
merical aperture adjusting means and the 
size of modified spot; and 
numerical aperture selecting means for so 
choosing, according to an inputted size of 
modified spot, the size of numerical aper- 
ture adapted to form said inputted size; 
said numerical aperture adjusting means 
adjusting the size of numerical aperture of 55 
the optical system including said light-con- 
verging lens such that the size of numerical 
aperture chosen by said numerical aper- 



ture selecting means is attained. 

\. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 us or less; 
lens selecting means including a plurality of 
light-converging lenses for converging the 
pulse laser light emitted from said laser light 
source such that said pulse laser light attains a 
peak power density of at least 1x10° (W/cm 2 ) 
at a light-converging point thereof, said lens se- 
lecting means being adapted to select among 
a plurality of light-converging lenses, a plurality 
of optical systems including said light-converg- 
ing lenses having respective numerical aper- 
tures different from each other; 
means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging lens chosen by said lens selecting 
means within an object to be processed; and 
moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
said object; 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
ing point within said object; 

said laser processing apparatus further com- 
prising: 

correlation storing means having stored 
therein a correlation between sizes of nu- 
merical apertures of said plurality of light- 
converging lenses and the size of modified 
spot; and 

numerical aperture selecting means for 
choosing, according to an inputted size of 
modified spot, a size of numerical aperture 
adapted to form said inputted size; 
said lens selecting means selecting among 
said plurality of light-converging lenses 
such that the size of numerical aperture 
chosen by said numerical aperture select- 
ing means is attained. 

5. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 us or less; 
power adjusting means for adjusting the mag- 
nitude of power of pulse laser light emitted from 
said laser light source; 

a light-converging I ens for converging the pulse 
laser light emitted from said laser light source 
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lecting means being adapted to select among 
said plurality of light-converging lenses, a plu- 
rality of optical systems including said light- 
converging lenses having respective numerical 
apertures different from each other; 
means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging lens chosen by said lens selecting 
means within an object to be processed; and 
moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
said object; 



such that said pulse laser light attains a peak 
power density of at least 1 x 1 0 8 (W/cm 2 ) at a 
light-converging point thereof; 
numerical aperture adjusting means for adjust- 
ing the size of numerical aperture of an optical s 
system including said light-converging lens; 
means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging lens within an object to be proc- 
essed; and io 
moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
said object; 



wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
ing point within said object; 

said laser processing apparatus further com- 
prising: 



wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating said light-converg- 
ing point within said object; 

said laser processing apparatus further com- 
prising: 

correlation storing means having stored 
therein a correlation between a set of the 
magnitude of power of pulse laser light ad- 
justed by said power adjusting means and 
sizes of numerical apertures of said plural- 
ity of light-converging lenses and the size 
of modified spot; and 

set selecting means for choosing, accord- 
ing to an inputted size of modified spot, a 
set of the magnitude of power and size of 
numerical aperture adapted to form said in- 
putted size from said correlation storing 
means; 

said power adjusting means and lens se- 
lecting means adjusting the magnitude of 
power of pulse laser light emitted from said 
laser light source and selecting among said 
plurality of light-converging lenses so as to 
attain the power and size of numerical ap- 
erture chosen by said set selecting means. 

47. A laser processing apparatus according to claim 42, 
comprising display means for displaying the mag- 
nitude of power chosen by said power selecting 
means. 

48. A laser processing apparatus according to claim 43 
or 44, comprising display means for displaying the 
size of numerical aperture chosen by said numeri- 
cal aperture selecting means. 

49. A laser processing apparatus according to claim 45 
or 46, comprising display means for displaying the 
magnitude of power and the size of numerical ap- 
erture in the set chosen by said set selecting 
means. 



correlation storing means having stored 
therein a correlation between a set of the 25 
magnitude of power of pulse laser light ad- 
justed by said power adjusting means and 
the size of numerical aperture adjusted by 
said numerical aperture adjusting means 
and the size of modified spot; and 30 
set selecting means for choosing, accord- 
ing to an inputted size of modified spot, a 
set of the magnitude of power and size of 
numerical aperture adapted to form said in- 
putted size; 35 
said power adjusting means and numerical 
aperture adjusting means adjusting the 
magnitude of power of pulse laser light 
emitted from said laser light source and the 
size of numerical aperture of the optical *o 
system including said light-converging lens 
such that the magnitude of power and size 
of numerical aperture chosen by said set 
selecting means are attained. 

45 

AS. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 us or less; 
power adjusting means for adjusting the mag- so 
nitude of power of pulse laser light emitted from 
said laser light source; 

lens selecting means including a plurality of 
light-converging lenses for converging the 
pulse laser light emitted from said laser light 55 
source such that said pulse laser light attains a 
peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point thereof, said lens se- 
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50. A laser processing apparatus according to one of 
claims 36 to 49, wherein a plurality of said modified 
spots formed along a line along which the object is 
intended to be cut within said object define a mod- 
ified region; 5 

said modified region including at least one of a 
crack region where a crack is generated within 
said object, a molten processed region which 
is melted within said object, and a refractive in- io 
dex change region where refractive index is 
changed within said object. 

51 . A laser processing method comprising: 

15 

a first step of irradiating an object to be proc- 
essed with pulse laser light while locating a 
light-converging point of the pulse laser light 
within said object, so as to form a first modified 
region caused by muttiphoton absorption within 20 
said object along a first line along which the ob- 
ject is intended to be cut in said object; and 
a second step of irradiating said object with 
pulse laser light while making said pulse laser 
light attain a power higher or lower than that in 25 
said first step and locating the light-converging 
point of the pulse laser light within said object, 
so as to form a second modified region caused 
by multiphoton absorption within said object 
along a second line along which the object is 30 
intended to be cut in said object. 

52. A laser processing method comprising: 

a first step of irradiating an object to be proc- 35 
essed with pulse laser light while locating a 
light-converging point of the pulse laser light 
within said object, so as to form a first modified 
region caused by multiphoton absorption within 
said object along a first line along which the ob- 40 
ject is intended to be cut in said object; and 
a second step of irradiating said object with 
pulse laser light while making an optical system 
including a light-converging lens for converging 
the pulse laser light attain a numerical aperture 
greater or smaller than that in said first step and 
locating the light-converging point of the pulse 
laser light within said object, so as to form a 
second modified region caused by multiphoton 
absorption within said object along a second so 
line along which the object is intended to be cut 
in said object. 

53. A laser processing method comprising: 

55 

a laser light source for emitting pulse laser light 
having a pulse width of 1 us or less; 
frequency adjusting means for adjusting the 



magnitude of a repetition frequency of the pulse 
laser light emitted from said laser light source 
according to an inputted magnitude of frequen- 
cy; 

light-converging means for converging the 
pulse laser light emitted from said laser light 
source such that said pulse laser light attains a 
peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point thereof; 
means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging means within an object to be proc- 
essed; and 

moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
said object; 

wherein one modified spot is formed within 
said object to be processed by irradiating said ob- 
ject with one pulse of pulse laser light while locating 
the light-converging point within said object; and 

wherein a plurality of said modified spots are 
formed along said line along which the object is in- 
tended to be cut within said object by irradiating said 
object with a plurality of pulses of pulse laser light 
while locating the light-converging point within said 
object and relatively moving the light-converging 
point along said line along which the object is in- 
tended to be cut; 

said laser processing apparatus further com- 
prising: 

distance calculating means for calculating 
a distance between said modified spots ad- 
jacent each other according to said input- 
ted magnitude of frequency; and 
distance display means for displaying the 
distance calculated by said distance calcu- 
lating means. 

54. A laser processing method comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 \xs or less; 
light-converging means for converging the 
pulse laser light emitted from said laser light 
source such that said pulse laser light attains a 
peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point thereof; 
means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging means within an object to be proc- 
essed; 

moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
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said object; and 

speed adjusting means for adjusting the mag- 
nitude of relative moving speed of the light-con- 
verging point of pulse laser light caused by said 
moving means according to an inputted magni- 
tude of speed; 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
ing point within said object; and 

wherein a plurality of said modified spots are 
formed along said line along which the object is in- 
tended to be cut within said object by irradiating said 
object with a plurality of pulses of pulse laser light 
while locating the light-converging point within said 
object and relatively moving the light-converging 
point along said line along which the object is in- 
tended to be cut; 

said laser processing apparatus further com- 
prising: 

distance calculating means for calculating 
a distance between said modified spots ad- 
jacent each other according to said input- 
ted magnitude of speed; and 
distance display means for displaying the 
distance calculated by said distance calcu- 
lating means. 

55. A laser processing method comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 (is or less; 
frequency adjusting means for adjusting the 
magnitude of a repetition frequency of the pulse 
laser light emitted from said laser light source 
according to an inputted magnitude of frequen- 
cy; 

light-converging means for converging the 
pulse laser light emitted from said laser light 
source such that said pulse laser light attains a 
peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point thereof; 
means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging means within an object to be proc- 
essed; 

moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
said object; and 

speed adjusting means for adjusting the mag- 
nitude of relative moving speed of the light-con- 
verging point of pulse laser light caused by said 
moving means according to an inputted magni- 
tude of speed; 



wherein one modified spot is formed within 
said object to be processed by irradiating said ob- 
ject with one pulse of pulse laser light while locating 
the light-converging point within said object; and 

5 wherein a plurality of said modified spots are 

formed along said line along which the object is in- 
tended to be cut within said object by irradiating said 
object with a plurality of pulses of pulse laser light 
while locating the light-converging point within said 

10 object and relatively moving the light-converging 
point along said line along which the object is in- 
tended to be cut; 

said laser processing apparatus further corn- 
's prising: 

distance calculating means for calculating 
a distance between said modified spots ad- 
jacent each other according to said input- 
20 ted magnitudes of frequency and speed; 

and 

distance display means for displaying the 
distance calculated by said distance calcu- 
lating means. 

25 

56. A laser processing apparatus according to one of 
claims 53 to 55, comprising: 

size storing means having stored therein the 
30 size of said modified spot formed by said laser 

processing apparatus; 

image preparing means for preparing an image 
of a plurality of said modified spots formed 
along said line along which the object is intend- 
35 ed to be cut according to the size stored in said 

size storing means and the distance calculated 
by said distance calculating means; and 
image display means for displaying the image 
prepared by said image preparing means. 

40 

57. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 \xs or less; 

45 frequency adjusting means for adjusting the 

magnitude of a repetition frequency of the pulse 
laser light emitted from said laser light source; 
light-converging means for converging the 
pulse laser light emitted from said laser light 

so source such that said pulse laser light attains a 

peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point thereof; 
means for locating the light-converging point of 
the pulse laser light converged by said light- 

55 converging means within an object to be proc- 

essed; and 

moving means for relatively moving the light- 
converging point of pulse laser light along a line 
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along which the object is intended to be cut in 
said object; . 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
ing point within said object; and 

wherein a plurality of said modified spots are 
formed along said line along which the object is in- 
tended to be cut within said object by irradiating said 
object with a plurality of pulses of pulse laser light 
while locating the light-converging point within said 
object and relatively moving the light-converging 
point along said line along which the object is in- 
tended to be cut; 

said laser processing apparatus further com- 
prising: 

frequency calculating means for calculat- 
ing, according to an inputted magnitude of 
distance between said modified spots ad- 
jacent each other, the magnitude of repeti- 
tion frequency of the pulse laser light emit- 
ted from said laser light source so as to at- 
tain thus inputted magnitude of distance 
between said modified spots adjacent 
each other; 

said frequency adjusting means adjusting 
the magnitude of repetition frequency of 
the pulse laser light emitted from said laser 
light source such that the magnitude of fre- 
quency calculated by said frequency cal- 
culating means is attained. 

58. A laser processing apparatus according to claim 57, 
comprising frequency display means for displaying 
the magnitude of frequency calculated by said fre- 
quency calculating means. 

59. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 us or less; 
light-converging means for converging the 
pulse laser light emitted from said laser light 
source such that said pulse laser light attains a 
peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point thereof; 
means for locating the light-converging point of 
the pulse laser light converged by said light- 
converging means within an object to be proc- 
essed; 

moving means for relatively moving the light- 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
said object; and 

speed adjusting means for adjusting the mag- 



nitude of relative moving speed of the light-con- 
verging point caused by said moving means; 

wherein one modified spot is formed within 
5 said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
ing point within said object; and 

wherein a plurality of said modified spots are 
formed along said line along which the object is in- 
fo tended to be cut within said object by irradiating said 
object with a plurality of pulses of pulse laser light 
while locating the light-converging point within said 
object and relatively moving the light-converging 
point along said line along which the object is in- 
*5 tended to be cut; 

said laser processing apparatus further com- 
prising speed calculating means for calculating, 
according to an inputted magnitude of distance 

20 between said modified spots adjacent each 

other, the magnitude of relative moving speed 
of the pulse laser light so as to attain thus in- 
putted magnitude of distance between said 
modified spots adjacent each other; 

25 said speed adjusting means adjusting the mag- 

nitude of relative moving speed of the light-con- 
verging point of pulse laser light caused by said 
moving means such that the magnitude of rel- 
ative moving speed calculated by said speed 

30 calculating means is attained. 

60. A laser processing apparatus according to claim 59, 
comprising speed display means for displaying the 
magnitude of relative moving speed calculated by 

35 said speed calculating means. 

61 . A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
40 having a pulse width of 1 us or less; 

frequency adjusting means for adjusting the 
magnitude of a repetition frequency of the pulse 
laser light emitted from said laser light source; 
light-converging means for converging the 
45 pulse laser light emitted from said laser light 

source such that said pulse laser light attains a 
peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point thereof; 
means for locating the fight-converging point of 
so the pulse laser light converged by said light- 

converging means within an object to be proc- 
essed; 

moving means for relatively moving the light- 
converging point of puise laser light along a line 
55 along which the object is intended to be cut in 

said object; and 

speed adjusting means for adjusting the mag- 
nitude of relative moving speed of the light-con- 



58 



115 



EP 1 338 371 A1 



116 



verging point caused by said moving means; 

wherein one modified spot is formed within 
said object by irradiating said object with one pulse 
of pulse laser light while locating the light-converg- 
ing point within said object; and 

wherein a plurality of said modified spots are 
formed along said line along which the object is in- 
tended to be cut within said object by irradiating said 
object with a plurality of pulses of pulse laser light 
while locating the light-converging point within said 
object and relatively moving the light-converging 
point along said line along which the object is in- 
tended to be cut; 

said laser processing apparatus further com- 
prising combination calculating means for cal- 
culating, according to an inputted magnitude of 
distance between said modified spots adjacent 
each other, a combination of the magnitude of 
repetition frequency of the pulse laser light 
emitted from said laser light source and the 
magnitude of relative moving speed of the light- 
converging point of pulse laser light caused by 
saidmoving means so as to attain thus inputted 
magnitude of distance between said modified 
spots adjacent each other; 
said frequency adjusting means adjusting the 
magnitude of repetition frequency of the pulse 
laser light emitted from said laser light source 
such that the magnitude of frequency calculat- 
ed by said combination calculating means is at- 
tained; 

said speed adjusting means adjusting the mag- 
nitude of relative moving speed of the light-con- 
verging point of pulse laser light caused by said 
moving means such that the magnitude of rel- 
ative moving speed calculated by said combi- 
nation calculating means is attained. 

62. A laser processing apparatus according to claim 61 , 
comprising display means for displaying the mag- 
nitude of frequency and magnitude of relative mov- 
ing speed calculated by said combination calculat- 
ing means. 

63. A laser processing apparatus according to one of 
claims 53 to 62, wherein a plurality of said modified 
spots formed along said line along which the object 
is intended to be cut within said object define a mod- 
ified region; and 

wherein said modified region includes at least 
one of a crack region where a crack is generated 
within said object, a molten processed region which 
is melted within said object, and a refractive index 
change region where refractive index is changed 
within said object. 



64. A laser processing method comprising: 

a step of irradiating an object to be processed 
with laser light while locating a light-converging 
5 point of laser light within said object, so as to 

form a modified region caused by multiphoton 
absorption within said object along a line along 
which the object is intended to be cut in said 
object, and 

10 changing the position of the light-converging 

point of laser light in a direction of incidence of 
the laser light irradiating said object with re- 
spect to said object, so as to form a plurality of 
said modified regions aligning with each other 

15 along said direction of incidence. 

65. A laser processing method comprising: 

a step of irradiating an object to be processed 
20 with laser light while locating a light-converging 

point of laser light within said object, so as to 
form a modified region within said object along 
a line along which the object is intended to be 
cut in said object, and 
25 changing the position of the light-converging 

point of laser light in a direction of incidence of 
the laser light irradiating said object with re- 
spect to said object, so as to form a plurality of 
said modified regions aligning with each other 
30 along said direction of incidence. 

66. A laser processing method comprising: 

a step of irradiating an object to be processed 
35 with laser light while locating a light-converging 

point of laser light within said object under a 
condition with a peak power density of at least 
1 x 10 8 (W/cm 2 ) at the light-converging point 
and a pulse width of 1 us or less, so as to form 
40 a modified region within said object along a line 

along which the object is intended to be cut in 
said object, and 

changing the position of the light-converging 
point of laser light in a direction of incidence of 
45 the laser light irradiating said object with re- 

spect to said object, so as to form a plurality of 
said modified regions aligning with each other 
along said direction of incidence. 

so 67. A laser processing method according to one of 
claims 64 to 66, wherein said plurality of modified 
regions are formed successively from the side far- 
ther from an entrance face of said object on which 
laser light irradiating said object is incident. 

55 

68. A laser processing method according to one of 
claims 64 to 67, wherein said modified region in- 
cludes at least one of a crack region where a crack 
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is generated within said object, a molten processed 
region which is metted within said object, and a re- 
fractive index change region where refractive index 
is changed within said object. 

69. A laser processing method comprising a step of ir- 
radiating an object to be processed with laser light 
through a laser light entrance face of said object 
while locating the light-converging point at a posi- 
tion closer to or farther from said entrance face than 
is a half thickness position in the thickness direction 
of said object, so as to form a modified region within 
said object along a line along which the object is 
intended to be cut in said object 

70. A laser processing method according to claim 69, 
wherein said entrance face is formed with at least 
one of an electronic device and an electrode pat- 
tern; and 

wherein the light-converging point of laser 
light irradiating said object is located at a position 
closer to said entrance face than is the half thick- 
ness position in said thickness direction. 

71 . A laser processing method comprising: 

a first step of irradiating an object to be proc- 
essed with laser light while locating a light-con- 
verging point of the laser light within said object, 
so as to form a first modified region caused by 
multiphoton absorption within said object along 
a first line along which the object is intended to 
be cut in said object; and 
a second step of irradiating, after said first step, 
said object with laser light while locating the 
light-converging point of laser light at a position 
different from the light-converging point of laser 
light in said first step in the thickness direction 
of said object within said object, so as to form 
a second modified region caused by multipho- 
ton absorption extending along a second line 
along which the object is intended to be cut and 
three-dimensionally crossing said first modified 
region within said object. 

72. A laser processing method according to claim 71 , 
wherein said second modified region is formed clos- 
er to the laser light entrance face of said object than 
is said first modified region. 

73. A laser processing method according to one of 
claims 69 to 72, wherein said object is irradiated 
with laser light under a condition with a peak power 
density of at least 1 x 1 0 8 (W/cm 2 ) at the light-con- 
verging point of laser light and a pulse width of 1 us 
or less, so as to form said modified region including 
a crack region within said object. 



74. A laser processing method according to one of 
claims 69 to 72, wherein said object is irradiated 
with laser light under a condition with a peak power 
density of at least 1 x 10 8 (W/cm 2 ) at the light-con- 
verging point of laser light and a pulse width of 1 us 
or less, so as to form said modified region including 
a molten processed region within said object. 

75. A laser processing method according to one of 
claims 69 to 72, wherein said object is irradiated 
with laser light under a condition with a peak power 
density of at least 1 x 1 0 8 (W/cm 2 ) at the light-con- 
verging point of laser light and a pulse width of 1 ns 
or less, so as to form said modified region including 
a refractive index change region which is a region 
with a changed refractive index. 

76. A laser processing method according to one of 
claims 69 to 75, wherein adjustment of the position 
of the light-converging point of laser light irradiating 
said object in said thickness direction includes: 

a first calculating step of defining a desirable 
position in said thickness direction of the light- 
converging point of laser light irradiating said 
object as a distance from said entrance face to 
the inside thereof and dividing said distance by 
the refractive index of said object with respect 
to the laser light irradiating said object, so as to 
calculate data of a first relative movement 
amount of said object in said thickness direc- 
tion; 

a second calculating step of calculating data of 
a second relative movement amount of said ob- 
ject in said thickness direction required for po- 
sitioning the light-converging point of laser light 
irradiating said object at said entrance face; 
a first moving step of relatively moving said ob- 
ject in said thickness direction according to said 
data of second relative movement amount; and 
a second moving step of relatively moving said 
object in said thickness direction according to 
said data of first relative movement amount af- 
ter said first moving step. 

77. A laser processing apparatus comprising: 

a laser light source for emitting pulse laser light 
having a pulse width of 1 us or less; 
light-converging means for converging the 
pulse laser light emitted from said laser light 
source such that said pulse laser light attains a 
peak power density of at least 1 x 1 o 8 (W/cm 2 ) 
at a light-converging point thereof; 
first moving means for relatively moving the 
light-converging point of pulse laser light con- 
verged by said light-converging means along a . 
line along which the object is intended to be cut 
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in an object to be processed; 
storing means for storing data of a first relative 
movement amount of said object in the thick- 
ness direction for locating the light-converging 
position of pulse laser light converged by said 5 
light-converging means at a desirable position 
within said object, said data of first relative 
movement amount being obtained by defining 
the desirable position as a distance from the en- 
trance face where the pulse laser light emitted 10 
from said laser light source enters said object 
to the inside thereof and dividing said distance 
by the refractive index of said object with re- 
spect to the pulse laser light emitted from said 
laser light source; 

calculating means for calculating data of a sec- 
ond relative movement amount of said object 
in the thickness direction required for locating 
the light-converging point of the pulse laser 
light converged by said light-converging means 20 
at said entrance face; and 
second moving means for relatively moving 
said object in said thickness direction according 
to said data of first relative movement amount 
stored by said storing means and said data of 25 
second relative movement amount calculated 
by said calculating means. 



78. A laser processing apparatus comprising: 



30 



a laser light source for emitting pulse laser light 
having a pulse width of 1 jis or less; 
light-converging means for converging the 
pulse laser light emitted from said laser light 
source such that said pulse laser light attains a 35 
peak power density of at least 1 x 1 0 8 (W/cm 2 ) 
at a light-converging point thereof; 
means for locating the light-converging point of 
pulse laser light emitted from said laser light 
source within an object to be processed; *o 
means for adjusting the position of light-con- 
verging point of the pulse laser light converged 
by said light-converging means within the thick- 
ness of said object; and 

moving means for relatively moving the light- *5 
converging point of pulse laser light along a line 
along which the object is intended to be cut in 
said object. 
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